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It is not when truth is dirty, but when it is shallow, that the lover of knowledge is 




Censure is perhaps inevitable; for some are so ignorant that they grow sullen and 
silent and are chilled with horror at the sight of anything that bears the semblance 
of learning, in whatever shape it may appear; and should the spectre appear in the 
shape of woman, the pangs which they suffer are truly dismal.  







Over the past two decades a body of evidence concerning residual biological 
contamination on cleaned surgical instruments has accumulated. This is 
substantiated by the number of yearly surgery cancellations due to visible residue 
on instruments in surgical packs and incidences of iatrogenic Creutzfeldt-Jakob 
disease (iCJD). It is therefore imperative to develop a method of protein detection for 
use in clinical sterile services departments (SSDs) for monitoring of decontamination 
quality. This Thesis describes the development and use of an epifluorescence surface 
scanner (EFScan) technology in the assessment of proteinaceous residue on surgical 
instruments, by detecting protein pre-labelled with fluorescein isothiocyanate (FITC),   
and exploratory studies on the feasibility of label-free detection, using intrinsic 
protein fluorescence.  
 
Measurements using FITC labelling showed that residual protein on the order of 
micrograms can be found on new, single-use instruments (i.e. prior to use). This is 
comparable to the amount of residual protein found on retired, reusable instruments. 
To confirm the suitability of fluorescence techniques in the detection and 
quantification of proteinaceous residue, a blind, pilot study was carried out in 
conjunction with groups from Queen Mary University and the University of 
Southampton. Each University used a different labelling and detection method, and 
results showed good agreement between these methods. This showed that 
fluorescence is a suitable technique for the detection and quantification of 
proteinaceous contamination on surgical instruments. 
 
The next step in the project focussed on detection of contamination via intrinsic 
protein fluorescence from tryptophan residues, with a view to elimination of the 
labelling step. Intrinsic fluorescence of proteins in solution is widely characterised; 
however, fluorescence characteristics of solid or surface-bound protein have been 
little studied. Therefore, the characterisation of solid protein fluorescence and the 
emission characteristics of protein adsorbed onto stainless steel was undertaken. 
Analysis of the commonly used protein standard bovine serum albumin (BSA) 
showed that the two tryptophan residues it contains are highly susceptible to photo-
oxidation in the solid state, resulting in conversion to the fluorescent photoproducts 
n-formylkynurenine (NFK) and kynurenine. Therefore, BSA is not suitable for use as 
a standard in the development of intrinsic fluorescence detection of surface-bound 
protein. The 72-tryptophan protein fibrinogen, as well as a series of other multi-





tryptophan residues did not occur on the irradiation timescale of 1 hour utilized. 
Therefore, it was concluded that lysozyme or gamma-globulins, a prominent group 
of serum proteins, would be more suitable candidates as a standard in subsequent 
research into the intrinsic detection and quantification of proteinaceous 
contamination. 
 
A third study explored the potential use of fluorescence in the early diagnosis of 
cataract. This involved the fluorescence characterisation of healthy porcine lenses 
and the use of UV irradiation of the lens to attempt to create cataract in vitro. There 
was found to be a large variation in fluorescence characteristics from lens to lens, 
suggesting that fluorophore concentrations can vary significantly. This implies that 
identification of a suitable standard for the early detection of cataract may be 
problematic. Attempts to create cataract resulted in the photo-oxidation pathway 
which had been observed in BSA, and although NFK and kynurenine play a role in 
cataractogenesis, the accumulation of these photoproducts is not analogous to a 
natural cataract. It was found that these products could be destroyed by irradiation 
of the lens at appropriate photo-bleaching wavelengths. However, this also destroyed 
intrinsic, protective fluorophores within the lens, suggesting that a light-based 







Thorough decontamination of reusable surgical instruments is both necessary and, 
in the Western world, presumed, yet millions of surgical operations are cancelled 
each year in the UK due to the presence of visible biological contamination on 
‘cleaned’ surgical instruments. Residual biological contamination can lead to disease 
via iatrogenic transmission of infectious material; there has been particular concern 
about the risk of transmission of Variant Creutzfeldt-Jacob disease (vCJD), the 
human form of “mad cow disease” (BSE). Current methods for detecting residual 
contamination are insensitive and it is, therefore, imperative that a method of 
detection, quantification and monitoring is developed for use in clinical settings, as 
highlighted in the recently published Department of Health Guidance on the 
Management and Decontamination of Surgical Instruments in Acute Care. This 
Thesis describes the development of an epifluorescence surface scanner (EFScan) 
which has been used successfully to detect and quantify biological contamination on 
both reprocessed surgical instruments (cleaned multiple-use instruments which 
have been used in surgery) and single-use instruments (used for a single operation 
then disposed of), before they had been used in surgery. The EFScan method uses a 
non-toxic fluorescent dye which attaches to the protein residue on the surgical 
instrument to make it visible to the detection system; the fluorescence from the dye 
is picked up by a detector which scans over the surface of the instrument and the 
measured intensity (brightness) of the fluorescence indicates the amount of protein 
present. The sensitivity of the EFScan system is more than a thousand times greater 
than the standard test for protein contamination that is used currently to monitor 
the standard of decontamination of surgical instruments.  
Analysis using this method has shown that protein contamination on the order 
micrograms can be found on unused single use instruments, comparable to levels 
found on poorly cleaned, reprocessed instruments. Moreover, a pilot study conducted 
between the University of Edinburgh, Queen Mary University of London and the 
University of Southampton, with each institution using a different fluorescence- 
based technique, showed good agreement between results, validating fluorescence as 
a valuable tool in the detection and quantification of biological contamination. 
Subsequent research focussed on further development of the technique by 
attempting to detect protein without attaching a fluorescent dye, using the native 
fluorescence of proteins, which is due to a particular amino acid, tryptophan. It was 
found that, upon binding of proteins to the stainless steel surface of the instrument, 
fluorescence intensity decreased greatly, reducing the sensitivity of detection. 





underwent light-induced decomposition, under the measurement conditions, 
destroying the tryptophan and its fluorescence. Analysis of other proteins found that 
the amount of tryptophan and its location within the protein structure affected the 
susceptibility to photo-decomposition and identified the protein lysozyme and a 
group of proteins known as gamma-globulins as far more suitable standards for 
future studies.  
Another study reported in this Thesis investigated the fluorescence properties of 
healthy porcine lenses and the feasibility of using UV light to create cataracts in vitro, 
with a view to developing a fluorescence-based method for cataract diagnosis. Large 
variation in the fluorescence characteristics, from lens to lens, was observed, 
suggesting that a suitable reference for measurements may be difficult to obtain. It 
was found that irradiating the lens with UV light resulted in the same photo-
decomposition reaction as had been observed in bovine serum albumin. This is only 
one aspect of natural cataract formation and does not fully replicate the complex 
process in the living eye. Nevertheless, the ability to detect the products of the photo-
decomposition by their characteristic fluorescence may form the basis of a new 
diagnostic technique.The research conducted has reaffirmed fluorescence detection 
as a highly sensitive and selective analysis technique and has shown that it could be 
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Chapter 1. Introduction and Background Theory 
 
Creutzfeldt-Jakob disease (CJD) gained notoriety in the mid-90s due to the bovine 
spongiform encephalopathy (BSE) epizootic which resulted in numerous cases of 
variant CJD. Its infamy continues in the form of iatrogenic (medical procedure 
acquired) CJD of which yearly cases have remained constant since 19901. The 
infectious agents in CJD are robust, mis-folded proteins known as prions and their 
resistance to current cleaning methods in clinical Sterile Services Departments 
(SSDs) and the lack of improvement in SSD standards are of great concern. As 
evidence has mounted that organic debris remains on surgical instruments following 
decontamination in SSDs2-8 (which comprises of washing, followed by visual 
inspection, followed by steam sterilisation or autoclaving) quantitative methods for 
evaluating the degree of soiling have been sought. Initial investigations involved 
soaking instruments in strong detergents with sonication, followed by analysis of the 
washings4-7. However, as any residual protein on these instruments has survived 
washing with detergents and autoclaving, the soaking process is unlikely to remove 
all residual protein with consequential underestimation of the protein load. 
Accordingly, subsequent studies have focused on more sensitive methods of detection 
in the form of fluorescence to enable the in situ detection and quantification of 
proteinaceous contamination on surgical instruments.  
 
This thesis describes a detection system based on the use of the extrinsic fluorophore 
fluorescein isothiocyanate (FITC) to label surface-bound protein in combination with 
epifluorescence detection, and demonstrates the efficacy of fluorescence in the 
analysis of single-use surgical instruments. Subsequent investigation into the 
possibility of utilising the intrinsic, tryptophan (Trp) fluorescence of proteins to the 
same end is then reported. The study focussed on the analysis of the fluorescence 
properties of Trp in model proteins in the solid state, both in crystalline form and 
adsorbed onto a stainless steel surface, and the effect of UV-induced photochemistry 
on that fluorescence. Four model proteins were studied to determine their viability 
as standards; bovine serum albumin (BSA), bovine fibrinogen (BFG), bovine 
globulins and hen egg-white lysozyme, to gain insight into Trp photochemistry in 
proteins adsorbed onto surgical instruments. Finally, a project carried out in 
conjunction with Edinburgh Biosciences Ltd (the industrial partner in the PhD CASE 
studentship) is described. This study, which is also concerned with the effect of UV-
irradiation on Trp fluorescence, explores the possibility of exploiting this effect in the 






was characterised and the feasibility of creating and analysing cataract in those 
lenses has been explored. Further background information pertinent to each study 




Decontamination in hospitals and clinical settings is imperative to reduce the risk of 
healthcare-acquired infections (HAI). The theory of transmissible infection has been 
proposed sporadically for centuries, however, cleanliness in practice was not 
considered worthwhile until the work of Louis Pasteur, Florence Nightingale and, in 
particular, Joseph Lister in the 19th century. Decontamination and disinfection 
procedures have improved drastically since the importance of hand washing and the 
use of pure water in clinical settings was realised, however, there is still room for 
improvement.  
 
1.1.1  Decontamination in Healthcare 
 
Reducing the risk of HAI begins with a clean clinical environment and hygienic 
execution of procedures. Hand washing is the primary measure in reducing the risk 
of HAI9 and, coupled with the use of protective clothing and cleaning and disinfection 
of the healthcare environment, hospital sanitation and safety has improved 
dramatically. Currently, one of the main concerns in the effort to reduce HAI is the 
lack of quality control concerning the decontamination of re-useable surgical 
instruments. Current guidelines provided by the Department of Health allow for local 
decisions on decontamination procedures and this, coupled with a lack of quality 
control, has led to deficiencies in decontamination standards. The standard process 
for the decontamination of surgical instruments involves disassembly, cleaning, 
disinfection, visual inspection, assembly, packaging and steam sterilization10; 
however, a body of evidence has accumulated regarding residual biological 
contamination on reprocessed surgical instruments. 
 
Several studies have utilised swab tests using protein-specific reagents such as 
ninhydrin and ophthaldialdehyde/sodium 2-mercaptoethanesulfonate to detect and 
quantify proteinaceous contamination removed from reprocessed surgical 
instruments and have found that, in some cases, reprocessed instruments had 
hundreds of micrograms of proteinaceous contamination6,7. In many cases a large 






one instance 98% of instruments displayed visible contamination7. Subsequent 
research has demonstrated that swab tests are insensitive due to poor desorption of 
protein adhered onto the stainless steel surface11. Moreover, ninhydrin has poor 
affinity for protein and results from Lipscomb et al12 suggest that up to 6.5 μg of 
proteinaceous contamination could remain undetected using these methods. More 
rigorous analysis of the washings from instruments incubated with extraction buffer 
or detergent to remove surface contamination found that, in some cases, milligrams 
of protein could be found on reprocessed surgical instruments5. Studies carried out 
by the Keevil group from Southampton University have shown that small changes to 
decontamination procedures could have a significant impact on their effectiveness. 
They have shown that both pre-soaking13,14 and storing used instruments in a moist 
environment before washing14 significantly reduced the amount of proteinaceous 
material remaining on instruments after washing. More sensitive methods, based on 
fluorescence detection, for the detection and quantification of proteinaceous 
contamination remaining on surgical instruments are currently under development 
and are discussed in more detail in Chapter 3. 
 
Hand washing, hospital and bedding disinfection, protective clothing and surgical 
instrument decontamination combine to reduce the risk of HAI; however, in the early 
90’s the emergence of variant CJD (vCJD) presented a unique problem for the 
healthcare sector and has prompted a necessary revaluation of decontamination 
standards and procedures.  
 
1.1.2  Creutzfeldt-Jakob Disease 
 
CJD is a neurodegenerative disorder in which 90% of patients die within a year of 
symptom onset. CJD arises when an endogenous cell-surface glycoprotein known as 
PrPC conformationally transforms into the infectious isoform PrPSc. The covalent 
modification of PrPC can be genetic, acquired by exposure to prion-infected material 
- e.g. via food (variant), blood transfusion or surgery (iatrogenic) or may occur 
sporadically. Prion diseases are unique in that the infectious agent lacks genetic 
material in the form of DNA or RNA like bacteria and viruses, moreover, PrPSc displays 
some interesting physical properties. It is proposed that PrPSc is infectious as its 
monomers or oligomers act as a template that induces the transformation of PrPC to 
the infectious conformational isoform15 causing the degeneration of brain tissue in 






amyloid plaques (Figure 1.1a). Although there is no difference in the primary 
structure of the isoforms, the secondary and tertiary structural differences result in 
entirely dissimilar biophysical properties. Unlike PrPC, PrPSc has been shown to have 
partial resistance to proteolytic degradation, detergent solubility18 and thermal 
Figure 1.1a. Top – Severe atrophy in CJD infected brain, Middle - Spongiform change of 
neural tissue with vacuole indicated by yellow arrow16, Bottom – Electron micrograph of 






denaturation19, the core steps in the decontamination process used in SSDs. 
Moreover, PrPSc has a very high affinity for surgical steel10 and, therefore, binds 
strongly to the surface of surgical instruments. Even more troubling is a confirmed 
case of vCJD in 2016, which may indicate the return of vCJD in a second wave of 
cases20. This second wave is the result of our own genetics as there are two genetic 
variants of PrPC, M and V. All patients diagnosed with vCJD so far have produced the 
M variant, however, in the 2016 case, the patient produced both the M and V 
variants. Due to the reduced concentration of the M variant the incubation period 
was longer and the onset of vCJD symptoms delayed. Furthermore, 51% of the 
population make both variants indicating that the yearly cases of vCJD may be set 
to rise. With the emergence of such a robust contagion, the development of 
instrumentation capable of accurately assessing the cleanliness of surgical 




1.2 Principles of Fluorescence 
 
This section highlights some of the principles of fluorescence and fluorescence 
spectroscopy. Content is mainly derived from Lakowicz21 and Atkins and De Paula22.  
 
Fluorescence occurs when a fluorophore is excited from the ground singlet state (S0) 
to a higher electronic singlet state (e.g. S1 or S2) by absorption of a photon. As the 
excited state relaxes, it may lose its excitation energy by the emission of a photon, 






resulting in transient fluorescence. A summary of the excitation and possible 
relaxation pathways is shown in the Jablonski diagram in Figure 1.2a. Following 
absorption of a photon (excitation) the molecule can be excited to any one of the 
vibrational energy levels of the S1 or S2 (or higher) states and quickly relaxes to the 
lowest (thermally populated) vibrational energy level(s) of the S1 state. This occurs via 
non-radiative decay processes; vibrational relaxation and internal conversion. The 
former is the loss of vibrational energy as heat to the surroundings and the latter is 
the non-radiative transition to a lower electronic state of the same multiplicity. The 
total excitation energy is conserved during internal conversion (horizontal transition), 
but the difference in electronic energy between the two states is converted into 
vibrational energy in the final state. A radiative transition from the lowest vibrational 
level of the S1 state to the ground state (S0) results in the release of a photon of 
fluorescence. As a result of rapid internal conversion and vibrational relaxation 
before the emission of a photon (in the condensed phase), the wavelength of 
fluorescence is independent of the excitation wavelength. This is known as Kasha’s 
Rule. Figure 1.2b shows the typical forms of the excitation and emission spectra of 
the S1 state of a fluorophore. The excitation (absorption) spectrum consists of 
transitions from the lowest vibrational level of S0 to the many vibrational levels in S1. 







The intensity of each vibronic transition, and hence the spectral profile, is determined 
by the Franck-Condon principle. According to the Franck-Condon principle, the 
probability of a vibronic transition depends on the overlap of the ground and excited 
state vibrational wave functions; the more overlap the more likely the transition. 
Similarly, the emission spectrum consists of transitions from the lowest vibrational 
level of S1 to many vibrational levels in S0. The vibronic transitions that constitute 
the excitation spectrum thus lie to higher energy (shorter wavelength) than the pure 
electronic, 0-0, transition, whereas the vibronic transitions that constitute the 
emission spectrum lie to lower energy than the 0-0 transition. Therefore, the emission 
spectrum always lies at longer wavelength (lower energy) than the excitation 
spectrum, as shown in Figure 1.2b. The point at which the two spectral profiles 
overlap corresponds to the 0-0 transition and the separation between the maxima of 
the two spectra is known as the Stokes shift, the magnitude of which can vary largely 
between fluorophores. Radiative decay (fluorescence) of the S1 state occurs in 
competition with non-radiative decay processes, internal conversion to the ground 
state and inter-system crossing to the triplet manifold, as shown in Figure 1.2a. 
Intersystem crossing is similar to internal conversion, except that it occurs between 
states of different multiplicity; it is a spin-forbidden process that occurs as a result 
of spin-orbit coupling. Intersystem crossing from S1 results in population of the 
lowest triplet state, T1, from which phosphorescence, radiative decay to the ground 
state may occur. Phosphorescence is a spin-forbidden process and, therefore, is 
much weaker than fluorescence, and occurs on a much longer timescale. The time 
taken for a molecule to emit fluorescence after excitation is expressed by its 
fluorescence lifetime. The definition of the fluorescence lifetime and its experimental 
measurement are discussed in Section 1.3.2. The fluorescence efficiency of a 
fluorophore, which depends on the relative rates of the radiative and non-radiative 
decay processes, is generally expressed by the fluorescence quantum yield (Φ), which 
is defined as the ratio of the number of photons emitted to the number of photons 
absorbed. Fluorophores with quantum yield values approaching 1 (i.e. the majority 
of absorbed light is converted to fluorescence) will give very bright emission. 
Numerous substances containing aromatic groups exhibit fluorescence with 
moderate-to-high quantum yields; for example, the aromatic amino acid residues give 
rise to the intrinsic fluorescence of proteins.   
 
The Jablonski diagram shows only intramolecular, photo-physical, non-radiative 
decay processes. Intermolecular interactions may introduce additional non-radiative 






photochemical processes (excited state reactions), which may be intramolecular or 
intermolecular, can also lead to non-radiative decay of the S1 state.  If irreversible 
photochemical degradation of a fluorophore occurs, this results in irreversible loss of 
fluorescence, known as photo-bleaching. 
 
 
1.3 Fluorescence Analysis Techniques 
 
The fluorescence of many fluorophores is highly sensitive to the external environment 
which makes fluorescence a valuable technique, in the study of biological systems in 
particular. Various fluorescence analysis techniques are available, giving insight into 
particular aspects of a system, the most widely used of which are described below. 
 
1.3.1 Steady-State Analysis 
 
The excitation and emission spectra of a fluorophore are unique, characteristic 
properties. The excitation spectrum shows the emission intensity as a function of 
varying excitation wavelength, at a fixed emission wavelength. The emission 
spectrum shows the emission intensity as a function of varying emission wavelength, 
for a fixed excitation wavelength. Analysis of steady-state spectra can give insight 
into the excited state energies, the ground and excited state vibrational structure, 
the fluorescence quantum yield and the molecular environment of a molecule.  
 
1.3.2  Fluorescence Lifetime and its Measurement 
 
The fluorescence lifetime describes the amount of time a fluorophore remains in the 
excited state before emitting a photon. The overall rate of decay of an excited state 
population can be defined by considering the combination of radiative (fluorescence) 
and non-radiative (internal conversion, inter-system crossing, quenching, etc.) 
















where kR and kNR are the rate constants of the radiative and non-radiative decay 
processes, respectively. Defining kF as the sum of the rate constants for radiative and 
non-radiative decay processes (kF = kR + kNR) and integrating Equation 1 gives an 






    Equation 2 
 
where  [M*]0 is the concentration of M* at t= 0.  
 
The property observed during fluorescence experiments is the fluorescence intensity, 
I, which is directly related to the excited state population: 
 
*][)( MktI R      Equation 3 
 







 0)(      Equation 4 
 
where I0 is the intensity at the time of the excitation pulse (=kR[M*]0) and f = 1/kF. 
 
Equation 4, relates the observable property of the time-dependent decay of 
fluorescence intensity to the fluorescence lifetime f, and allows its determination 
experimentally. The shorter the fluorescence lifetime, the more highly quenched is 
the fluorescence and the lower the quantum yield. If a sample contains a number of 
species, n, with different fluorescence lifetimes, the measured fluorescence decay 
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where Ai is the fractional amplitude and i is the fluorescence lifetime of the emission 
of the ith species. In some cases, for example tryptophan within a protein, a single 






existence in a number of different local molecular environments, in which it 
experiences different quenching interactions. The fluorescence lifetime, i, indicates 
the degree of quenching of the fluorophore in a particular environment and the 
fractional amplitude Ai, known as the A-factor, indicates the fraction of the 
fluorophore population that exists in that particular environment. In the present 
work, fluorescence lifetimes were measured using the technique of time-correlated 
single photon counting (TCSPC). In TCSPC, the time interval is measured between 
the excitation of the sample, with a short pulse of light, and the first detected photon 
of fluorescence. By repeating this cycle many times, a distribution of arrival times for 
individual photons at the detector is obtained. The distribution of photon counts 
versus arrival time corresponds to the fluorescence decay of the sample, as illustrated 
in Figure 1.3a. Fitting of the measured decay to an exponential function allows 


























A generic experimental setup for TCSPC is shown in Figure 1.3b. A light source (laser) 
is used to produce narrow (femtosecond-nanosecond in width), rapid pulses of light. 
With each optical pulse an electronic 'start' pulse is simultaneously generated. This 
is done by splitting off part of the optical excitation pulse and directing it towards a 
photodiode. The photodiode converts the optical pulse to the electrical ‘start’ pulse. 
This passes through an electronic component called the ‘constant fraction 
discriminator’ (CFD) and from there is relayed to the time-to-amplitude converter 
(TAC). The TAC, which can be considered analogous to a stopwatch, is effectively a 
capacitor that begins to charge at the arrival of the start pulse. The remainder of the 
optical pulse is directed toward the sample. Excitation of the fluorophore leads to the 
emission of photons, a few of which impact on the detector. The detector converts the 
energy from each photon into an electrical pulse. The first pulse released from the 
detector is used as the ‘stop’ pulse. It travels via the CFD to arrest the voltage ramp 
at the TAC. The TAC is then discharged and the resulting electrical pulse has a height 
that is directly related to the time between start and stop pulses. The multi-channel 
analyser converts the analogue pulse from the TAC into a digital signal which is 
registered as a single count on a histogram of fluorescence intensity (counts) against 
time. Collection of many thousands of these counts reveals an exponential decay 
curve that allows determination of the fluorescence lifetime(s) for the sample under 
investigation. 

























1.3.3  Fluorescence Imaging 
Fluorescence imaging utilises the fluorescence of certain probes and proteins to 
visualise and/or quantify a biological process or structure either statically or in real-
time. Imaging systems are often based on epifluorescence detection in a microscope 
set-up with software controlled positioning of the sample for 3D analysis. Due to the 
lack of naturally occurring fluorophores in most biological systems, fluorescent 
probes specific to molecules of interest are used to elucidate the system. Figure 1.3c 
shows a cancer cell stained with probes specific to different structures; by varying 
the excitation wavelength, different probes are isolated and imaged. Combining the 
images obtained at different excitation wavelengths gives a complete view of the 
system of interest.  The epifluorescence scanner used in the present work employs 
the same optical principles as an epifluorescence microscope, but uses low 
magnification to image the distribution of protein over the surface of a surgical 









Figure 1.3c. Fluorescence micrographs of PtK2 kidney cell undergoing mitosis with 






1.4  Protein Structure and Fluorescence 
 
Proteins are essential biomolecules that perform a vast array of cellular functions 
from catalysis to DNA replication and repair. Their primary structure is composed of 
amino acid residues and the length of the amino acid chain ranges from a few 
(peptides) to thousands of amino acids long (polypeptides/proteins). There are 20 
ubiquitous amino acids which are coded in DNA, although approximately 500 amino 
acids are known. Each amino acid has different properties, such as charge and 
polarity, therefore it is the primary structure of a protein that determines how it 
arranges into its secondary, tertiary and quaternary structures (Figure 1.4a). The 
secondary structure of a protein describes ordered, local sub-structures which are 
formed via hydrogen bonding between amino acid residues; the two main types of 
secondary structure are α-helices and β-sheets. The tertiary structure of a protein 
forms when secondary structure components associate to form a 3D structure, which 
is driven by the requirement to bury hydrophobic residues. Once this 3D shape has 
been established, multi subunit proteins can form a quaternary structure which 
describes the association of protein subunits into complexes. The 3D structure of a 
protein determines its function and properties24,25, a feature which is neatly 
demonstrated by PrPC and PrPSc, where one is an endogenous glycoprotein and the 






other causes fatal disease, as described in Section 1.1.2. Figure 1.4b shows the 
proposed change in secondary structure for these isoforms showing a transformation 
from an α-helix rich structure to a β-sheet rich structure.  
 
1.4.1 Tryptophan, Tyrosine and Phenylalanine 
 
There are 20 ubiquitous amino acids which are encoded directly from DNA to make 
proteins. (Following this, post-translational modifications alter the structure or 
chemical nature of the amino acids creating a vast array of modified amino acids 
with different functionalities.) Of these it is those containing aromatic side chains; 
tryptophan (Trp), tyrosine and phenylalanine, which fluoresce21,28.  As Trp has the 
largest extinction coefficient and the highest quantum yield the majority of protein 
fluorescence can be attributed to it21. Tyrosine and phenylalanine do fluoresce, 
although their quantum yields are 8 and 140 times smaller, respectively; however, 
due to the absorption/emission spectral overlap of the three amino acids (Figure 
1.4c), the energy absorbed by tyrosine and phenylalanine is often transferred to Trp, 
so that only Trp fluorescence is detected. Trp fluorescence is highly sensitive to its 
surrounding environment and is described as solvatochromic. This describes the 
shifting of emission wavelength depending on the solvent polarity; in the case of Trp 
emission, spectra are red-shifted with increasing solvent polarity. Consequently, 
intrinsic fluorescence of proteins is an ideal probative method for protein folding and 
dynamics. For example, progress has been made in the early diagnosis of cataracts 
thanks to changes in Trp fluorescence in the ocular lens. Cataracts are caused by 
structural changes in the proteins of the ocular lens and are triggered by factors such 
as age and exposure to UV light29 (see Chapter 5). Similarly, a unique fluorescence 
Figure 1.4b. Left – The globular domain of recombinant human prion protein PDB: 1QM026, 
Right: Proprosed structure of PrPSc combining the structure 1QM0 with the β-helical model 






signature has been shown to develop in protein amyloids during aggregation30. 
Amyloids are clusters of misfolded proteins characteristic of neurodegenerative 
diseases such as CJD, Alzheimer’s and BSE as mentioned previously. Studies of egg 
white lysozyme aggregation have shown that, as accretion progresses, the observed 







Figure 1.4c. Excitation and emission spectra of fluorescent amino acids with structures 
shown. Excitation spectra are located on the left of each graph and emission spectra on 






1.4.2 Fluorescence Lifetime of Tryptophan 
 
Lifetime values from intrinsic protein fluorescence are complex and diverse, varying 
by a factor of 100 between proteins31. Environmental conditions have been 
established as the main cause of this variation and include solvent polarity, 
temperature, number of tryptophan residues and tryptophan position and 
orientation within a protein. Accordingly, lifetime measurements are used to probe 
protein dynamics and reactions. Protein aggregation; which is implicated in 
pathological conditions such as CJD and Alzheimer’s, has been monitored by Schlick 
et al32 via intrinsic time resolved studies of Concanavalin A (Con A). It was observed 
that as aggregation increased, the Trp lifetime decreased i.e. Trp fluorescence was 
quenched. It was hypothesised that this was caused by protein-protein interaction 
and a possible change in conformation upon aggregation. Protein folding and 
unfolding can similarly be monitored. Anand and Mukherjee33 have used a 
combination of steady state and time resolved fluorescence to monitor BSA unfolding 
and refolding in the presence and absence of a denaturant.  It was observed that as 
denaturant concentration increased the Trp fluorescence intensity and lifetime 
decreased. This suggests that as BSA unfolds, exposure of Trp residues to the solvent 
results in fluorescence quenching. Upon refolding both the fluorescence intensity 
and lifetime increased to a similar value to that obtained before denaturation. 
 
 
1.5  Proteins Studied  
 
Proteins come in a wide range of sizes and conformations, with varying Trp contents 
and a multitude of Trp environments. Due to the sensitivity of Trp residues to the 
surrounding environment emission maxima can range from 308 nm (azurin) to 355 
nm (glucagon) in solution34, with Trp residues which are buried within the protein 
structure typically having an emission maximum of approximately 335 nm and those 
which are solvent exposed having an emission maximum of approximately 355 nm35. 
When studying protein fluorescence it is important to be able to understand the 
observed fluorescence characteristics in relation to protein structure. Accordingly, 










1.5.1 Bovine Serum Albumin 
 
BSA is a 66.5kDa protein involved in the transport of fatty acids and is the most 
abundant protein found in bovine blood plasma, accounting for approximately 55% 
of the protein content. This single chain of amino acids, which is 583 residues in 
length36, carries out a multitude of functions including the binding and 
transportation of nutrients and the neutralisation of toxins. BSA is often used as a 
protein concentration standard and is particularly apt in the study described as there 
is 76% homogeneity between the primary structure of BSA and human serum 
albumin (HSA)33,37. HSA is the most abundant protein present in human blood 
plasma and is therefore likely to make up a large proportion of the protein 
contamination which adsorbs onto instruments during surgery. A fundamental 
difference between BSA and HSA is that the former contains two Trp residues 
whereas the latter contains only one37, therefore, a lower fluorescence intensity is 
detected from HSA. Figure 1.5a shows the globular structure of BSA with its two Trp 
residues highlighted in cyan. Trp 134 is shown on the surface of the structure, which 
has been corroborated by solvent accessibility studies, whereas Trp 213 is buried 
within the structure. The difference in the environment of each Trp residue is evident 
in an experiment by Tayeh et al38 in which solvent exposed Trp 134 was quenched 
using Calcolflour White. As the Calcofluor concentration was increased a shift in Trp 
Figure 1.5a. Crystal structure of BSA showing its two tryptophan residues highlighted cyan 








fluorescence was observed from 340 nm to 330 nm indicating the isolation of 
hydrophobic Trp 213 emission. 
 
1.5.2 Bovine Fibrinogen 
 
BFG is a 340kDa protein, containing 72 Trp residues39 and makes up approximately 
7% of blood plasma proteins and, compared to BSA, it is very large at 450 Å long. It 
comprises two sets of three alpha helical chains linked by a globular, N-terminal, 
central ‘knob’ with each end capped with globular C-terminal ‘knots’ (Figure 1.5b)40. 
In the presence of thrombin BFG molecules associate end to end to form long fibres 
which then associate laterally, with a half off-set arrangement, to form blood clots. 
Consequently, BFG is likely to be present in high concentrations at the area of 
surgical procedures. Also, due to its’ size, BFG is a particularly ‘sticky’ protein and a 
study by Gettens and Gilbert41 found that completely irreversible adsorption was 
observed between BFG and 316L stainless steel, the steel used in the manufacture 
of surgical instruments.  
 
Figure 1.5b shows the crystal structure of modified BFG with the tryptophan residues 
highlighted in cyan. The distribution of Trp residues is concentrated in the flexible, 
globular ‘knots’ at either end of the molecule suggesting a variety of Trp 
environments. The properties of BFG and the high Trp content highlight the fact that 
BFG may be appropriate for use as a concentration standard in studies such as those 
described in Chapters 3 and 4.  
Figure 1.5b. Crystal structure of partially proteolized BFG  showing the location of Trp 
residues (cyan) located in globular C-terminal ‘knots’ (Structure downloaded from RSCB 






1.5.3 Bovine γ-Globulins 
 
γ-Globulins are globular proteins which make up approximately 36% of the proteins 
found in blood plasma. They are immune molecules which transport ions and lipids 
required for immune response and a number of γ-globulins are also known as 
immunoglobulins or antibodies42. The mixture of globulins used in this study have 
an average molecular weight of approximately 150kDa, although some γ-globulins 
can weigh up to 1200kDa. Figure 1.5c shows the crystal structure of the human anit-
HIV-1 antibody IgG1 b12, with Trp residues highlighted cyan, showing that the 
majority of Trp residues are located centrally, buried within the β-sheet rich protein 
structure. Once again the prevalence of these proteins in blood plasma makes them 
appealing options as a standard for intrinsic detection of proteins. Moreover, as 
globulins are supplied as a mixture of proteins, the fluorescence observed may more 
Figure 1.5c. Crystal structure of the human anit-HIV-1 antibody IgG1 b12 with Trp residues 






closely resemble that of a mixture of plasma proteins adsorbed onto the surface of a 
surgical instrument post-surgery. 
 
1.5.4 Hen Egg-White Lysozyme 
 
Lysozyme is a small 14.3kDa globular protein containing only 129 residues and is 
the first enzyme to have its x-ray structure resolved. Lysozyme is a powerful enzyme 
which has the ability to damage the cell walls of many gram-positive bacteria and 
fungi species43. It is found largely in the saliva, tears and breastmilk, as a form of 
defence against bacterial infection. Figure 1.5d shows the crystal structure of hen 
egg-white lysozyme with its 6 Trp residues highlighted cyan. Trp residues 62, 63 and 
108 surround the active site of lysozyme and are closer to the surface of the protein. 
This is evident when lysozyme is complexed and a blue shift in Trp emission is 
observed due to the newly hydrophobic/non-polar environment of residues 62, 63 
and 108. It is proposed that the majority of lysozyme fluorescence can be attributed 
to these residues due to their less quenched positions within the protein44. Lysozyme 
has undergone extensive research into its structure and function and, as it is so well 
characterised, it is a possible candidate as a standard for the intrinsic detection of 
protein on surgical instruments. 
 
Figure 1.5d. Left - Crystal Structure of hen egg showing cyan Trp residues (Structure 









1.5.5 Bovine Crystallins 
 
Crystallins of the eye lens are unique proteins which have evolved the ability to 
remain in solution at high concentration without forming crystals. They are small 
proteins with α, β and γ-crystallins varying in size in the region of 20kDa (subunits), 
46-200kDa and ~20kDa respectively. The lens is a concentrated solution of proteins 
of which crystallins compose 90% and this tightly packed and highly ordered mixture 
of α, β and γ-crystallins is what gives the lens its transparency45. α-Crystallins are 
the most common crystallins and are composed of two similarly structured subunits 
called the A and B chains, which contain one and two Trp residues, respectively. 
Alpha crystallins are found in multimeric complexes which, in the case of mammalian 
lenses, can rage in size from 600-900kDa46. Figure 1.5e shows the crystal structure 
of a spherical complex of 24 αB-crystallin molecules to highlight the close interaction 
of the protein molecules within the lens. γ-Crystallins are small monomeric proteins 
which act as molecular glue, allowing α-crystallins to associate into the 
aforementioned, multiunit complexes and for those complexes to associate47. γ-
crystallins show similarity in their structures with α-crystallins, with the number of 







Trp residues remaining reasonably consistent. Figure 1.5f shows the crystal 
structure of γF-crystallin. Although crystallins are not relevant as protein standards, 
their evolutionary resistance to photo-damage is relevant to the present studies of 
UV-induced changes in tryptophan fluorescence in crystalline proteins (Chapter 4), 














Figure 1.5f. Crystal structure of γF-crystallin with Trp residues in cyan (Structure 
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Chapter 2: Experimental 
 
The spectroscopic techniques used throughout this work are described here. 
Experimental details specific to the studies reported in each chapter are presented 
in the individual Materials and Methods sections.  
 
 
2.1 Samples  
 
For spectroscopic measurements, unless stated otherwise, solution-phase samples 
were contained in a fused silica micro-cuvette with a capacity of 400μL and a path-
length of 1 cm. Solid-state sample preparation is described in the appropriate 
chapters. All experiments were carried out at room temperature. 
 
  
2.2 Absorption Spectroscopy 
 
UV-visible absorption spectra were recorded using a Varian Cary 50 Bio UV-Visible 




2.3 Steady State Fluorescence Spectroscopy 
 
Figure 2.3a. System layout of FluoroMax-2 spectrofluorometer showing excitation and emission 
light paths1 
 
Steady state fluorescence spectra were measured using a Fluoromax-P 
spectrofluorometer (Horiba Jobin-Yvon) in conjunction with the associated 






FluorEssenceTM software v.3.5. The basic layout of the fluorometer components is 
shown in Figure 2.3a. Light produced from the 150W continuous ozone-free Xenon 
lamp in compartment 1 is directed to the entrance slit of the excitation 
monochromator. The spectrofluorometer is equipped with Czerny-Turner 
spectrometers in both the excitation and emission arms, allowing for the acquisition 
of excitation and emission spectra. Before entering the sample compartment, a beam 
splitter directs 8% of the excitation light to a reference photodiode to account for 
differences in light intensity with changing wavelength and with time. The remaining 
light enters the sample compartment and excites the sample within. Fluorescence 
emission from the sample is collected at a right angle to the incident light and 
directed to the emission monochromator. Wavelength-resolved light exiting the 
emission monocrhomator is detected by a photon-counting photomultiplier which 
amplifies the signal of the low intensity light produced by the sample. 
 
The entrance and exit ports of each monochromator have slits which control the 
bandwidth (and intensity) of the light entering the sample compartment (excitation) 
and the light detected by the photomultiplier (emission). The operation of the 
spectrometer was controlled by the associated Datamax software. Slit widths were 
set at a bandwidth of 5 nm for both excitation and emission unless stated otherwise. 
The wavelength increment, which determines the number of data points in a 
spectrum, was set to 1 nm and the integration time, i.e. the time for which photons 
are counted at each wavelength increment, was set typically to 1 second. Generally, 
integration time is increased with decreasing emission intensity to improve the 
signal-to-noise ratio collected from low intensity samples. 
 
 
2.4 Time Resolved Fluorescence Spectroscopy 
 
Acquisition of fluorescence decay data was carried out using a time-correlated single 
photon counting system (Edinburgh Instruments Ltd) in combination with a mode-
locked Ti:sapphire laser system (Coherent Ltd), in the Collaborative Optical 
Spectroscopy, Micromanipulation and Imaging Centre (COSMIC) facility at The 







 Figure 2.4a. Schematic of equipment used for acquisition of fluorescence decay data2. 
 
Excitation light was produced by a mode-locked Ti:Sapphire laser (2) which was 
pumped by a Neodymium:Vanadate (Nd:YVO4) continuous wave solid state laser (1). 
The power of the Nd:YVO4 laser was 9W throughout lifetime acquisition. The 
Ti:Sapphire laser produces pulsed light at a repetition rate of 76 MHz and a pulse 
width of 200fs. Using a Coherent 9200 pulse picker (3) the repetition rate was 
reduced to 4.75 MHz resulting in pulse emission every 210 ns. The excitation light 
then travelled to a harmonic generator (4) which acts to double or triple the frequency 
and so reduce the wavelength of the light, allowing for selection of the desired 
excitation wavelength. The light exiting the harmonic generator was split and 
approximately 10% was diverted to a fast photodiode (5) triggering the START pulse 
which then triggered the time-to-amplitude converter (TAC). The intensity of the laser 
light was controlled using neutral density filters (6).  
 
Vertically polarised excitation light was obtained using a Soleil Babinet Compensator 
(7) the position of which is dependent on the wavelength of excitation light. To ensure 
the compensator was in the correct position a resolution value was set for each 
wavelength using Edinburgh Instrument’s (EI) F900 software which was used to set 
the parameters for each experiment. Equation 6 shows the relationship between 
resolution and wavelength. 
 






The vertically polarized light was directed to the sample chamber (8) and aligned in 
the centre of the excitation window of a 400 μL capacity fluorescence cuvette. 
Emission light from the sample, collected at 90º to the excitation light, was passed 
through a polarizer set at an angle of 54.7º (the ‘magic’ angle) to remove any 
anisotropic effects from data collected. The emission wavelength was set using an EI 
M300 monochromator (9). To ensure no scattered light was detected during lifetime 
acquisition a bandpass filter was placed between the sample and monochromator. 
Fluorescence photons were detected using a Hamamstu R3809-50 microchannel 
plate photomultiplier (MCP) (10) and the STOP signal for the TAC was produced upon 
emitted photons striking the MCP.  
 
Upon starting up the apparatus the system was optimised and the instrument 
response function (IRF) taken using a Ludox (colloidal silica) scattering solution 
which was contained in a 5 ml capacity fused quartz cuvette. Before taking the IRF 
the count rate of Ludox was reduced to the range of that of the sample, using the 
neutral density filters. These were also used to ensure that no sample gave a count 
rate above 30, 000 Hz which would result in damage to the MCP. The typical IRF for 
the system was 85ps full width at half maximum (FWHM). Steady state spectra were 
recorded, using an EI photon counting photomultiplier tube, to ensure the excitation 
light was at the correct wavelength and emission was recorded at the correct 
wavelength. 
 
The collection of fluorescence decays was controlled using EI F900 software which 
allowed for experimental parameters to be set. Decay curves had a resolution of 4096 
channels over a time range of 50ns, and signal was accumulated until 10,00 counts 
were reached in the maximum channel. Fitting of decay data was carried out using 
EI FAST software, using an iterative least-squares, reconvolution routine. The fitting 
range of the decay curves was from the maximum of the IRF to the point at which 
photon counts fell to 100 (10% of the maximum channel). The background level was 
fixed during the fitting and was determined from the average number of counts in 
channels before the rising edge of the decay curve (typical <5 counts). The magnitude 
and randomness of residuals and the value of the reduced ² were used as criteria to 
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Chapter 3: The Detection of Residual Protein on 






Current methods for detecting residual protein on reprocessed surgical instruments 
involve swabbing the instrument and observing a colour change as protein, which 
has been removed from the surface, reacts with a protein-specific reagent. Although 
such methods give a semi-quantitative result, as often the colour change is quicker 
and more intense as protein amounts increase, it has been shown that they are 
ineffective at detecting surface-bound protein which has not be removed during the 
cleaning process, therefore, significantly underestimating the amount of protein 
present. The limit of detection of the commonly used ninhydrin swab test was 
determined by Lipscomb et al1 to be 9.25 g of protein per cm2, based on 
measurements of test samples consisting of mouse-brain homogenate deposited on 
stainless steel tokens.  However, a more recent study by Nayuni et al2 reported that 
the sensitivity obtained by Lipscomb et al was significantly overestimated because of 
the presence in brain homogenate of substantial quantities of free amino acids; the 
response of ninhydrin to amino acids is 40-fold more sensitive than its response to 
intact protein. Moreover, the latter study showed that a commercial ninhydrin test 
kit yielded negative results for test instruments that had visually detectable protein 
deposits. Taking these findings into consideration, a sensitive and quantitative 
method is required to ensure the safety of re-usable instruments but also to assess 
the standard of single use-instruments.  
 
The need for quantitative protein detection techniques in Sterile Services 
Departments (SSDs) is reflected in recently updated guidance from the Department 
of Health on the management and decontamination of surgical instruments (medical 
devices) used in acute care, Health Technical Memorandum (HTM) 01-01, published 
in July 20163. HTM 01-01 has been updated to take account of recent changes to 
the Advisory Committee on Dangerous Pathogens Transmissible Spongiform 
Encephalopathy (ACDP-TSE) Subgroup’s general principles of decontamination, and 
requires that there should be ≤5 μg (BSA equivalent) of protein in situ on the side of 






should be measured directly on the surface rather than by swabbing or elution as 
detection of proteins on the surface of an instrument gives a more appropriate 
indication of cleaning efficacy related to prion risk. This is because prion proteins are 
very hydrophobic and will, once dry, adhere strongly to surfaces and resist removal 
by swabbing or elution. Fluorescence is widely used in the life sciences as a non-
destructive method for analysing biological systems, either via intrinsic fluorescence 
native to the molecule of interest or by labelling a molecule with an extrinsic 
fluorescent probe.  
 
The sensitivity of fluorescence and specificity of binding of fluorescent probes makes 
the in situ fluorescence detection of residual protein on surgical instruments the 
methodology of choice. This chapter describes the use of the epifluorescence surface 
scanner (EFScan), in combination with in situ fluorescent labelling of the protein 
molecules with the fluorescein fluorophore, through reaction with fluorescein 
isothiocyanate (FITC), to quantify the amount of protein contamination on unused, 
single-use surgical instruments. Single-use (disposable) instruments are used 
clinically in the expectation that they offer superior cleanliness, and hence reduced 
risk, compared with reprocessed instruments. However, as shown in this chapter, 
single-use instruments may carry significant levels of protein contamination and may 
fail to meet the upper limit of 5 g/side specified in HTM 01-01. 
 
3.1.1. Surgical Instrument Manufacture 
 
The first step in surgical instrument cleanliness is a high standard of manufacture, 
however, approximately 80% of the world’s supply of surgical instrument are 
Figure 3.1a. L+R - Images depicting the conditions under which the majority of the world’s 






manufactured in the sweatshops of Sialkot, Pakistan4. Conditions within these, often 
unlicensed, factories are unclean and unsafe. Figure 3.1a shows some of the working 
conditions within one of these factories showing operatives, some as young as 7, 
wearing no protective equipment and no gloves to protect surgical instruments from 
biological contamination. Although these instruments are processed to some degree 
following manufacture and often sterilised before use, sterile does not equate to 
clean. Analysis of the quality of surgical instruments procured for use in the UK 
found that 15% of instruments arrived with manufacturing defects including 
machining burrs and debris in the teeth of clamp devices6, which could lead to severe 
surgical complications. This is particularly true in terms of ocular surgery in which 
cases of debris on processed instruments can lead to irritation and infection7,8. A 
number of cases have been reported in which machining burrs and, in one case, the 
tip of an instrument have been left in patients eyes following surgery. Following 
decontamination and sterilisation, debris is still an issue, including biological 
contamination. A study by Dinakaran and Kayakar9 found that deposits, including 
loose fibres and biological deposits, were found in 62% of the 47 trays of reprocessed 
and in-use ocular surgical instruments analysed during the investigation (Figure 
3.1b). Instruments were analysed by the surgeon under the operating microscope 
before use and any unusable instruments were rejected, however, the criteria for 
rejection was not reported meaning the instruments shown in Figure 3.1b may have 
been used for surgery. In a subsequent study by Leslie et al8 debris flushed from 
phacoemulsification handsets was analysed via SEM imaging and it was found that 
bacterial colonies, squamous cells and fungal hyphae were identified among the 
debris.  The implications of debris alone in surgical complications is perturbing, 
Figure 3.1b. Debris photographed before use in surgery on intra-ocular lens (IOL) 
introducers Left: Loose fibre attached to tip of IOL introducers, Right: Biological debris on 






however, biological deposits are more worrying still. Some bacteria and viruses and, 
as detailed in Chapter 1, prions are resistant to sterilisation procedures, therefore, 
subsequent studies on the quality of instrument manufacture and decontamination 
have aimed to determine the composition of biological debris, such as that shown in 
Figure 3.1b (Left), with the aim of detection and quantification of the material.  
 
3.1.2. Early Total Protein Detection Experiments 
 
Early research at The University of Edinburgh, led by Baxter (Robert), Baxter (Helen) 
and Jones, focused on the use of argon:oxygen RF gas-plasma cleaning as a superior 
method of surgical instrument decontamination10-12. Initial analysis of the efficiency 
of the procedure involved scanning electron microscopy (SEM) to view deposits and 
energy-dispersive X-ray analysis (EDX) to identify the composition of the deposits. 
All of the instruments analysed had been cleaned to the standard of hospital SSDs 
before analysis; however, Figure 3.1c shows the extent of the contamination 
remaining on some of the instruments. EDX analysis showed that the majority of the 
contamination contained carbon, nitrogen, oxygen, sulfur, which is indicative of 
protein contamination. This combination of methods successfully located and 
identified proteinaceous contamination on surgical instruments; however, they do 
not give a quantitative understanding. Acid stripping studies followed, in which the 
surface of instruments were stripped and the washings analysed to give a 
quantitative measure of contamination. The amount of protein present ranged from 
0 (although it should be noted that this was only the case for one instrument) to over 
1000 μg/instrument, which is of the order of 1016 protein molecules, assuming a 
molecular mass of 105 Da. Although the complete removal of surface contamination 






is probable, this method is not suitable for quality control in clinical SSDs as 
instruments are destroyed during stripping. Consequently, fluorescence analysis was 
chosen as a non-destructive and quantitative method for studying proteinaceous 
contamination via the detection of protein labelled with FITC.  
 
3.1.3.  Fluorescein 
 
Fluorescein is a widely used fluorescent probe which exists in seven prototropic forms 
in aqueous solution over the pH range 1-1013. This prototropy occurs as a function 
of pH to which the intensity of fluorescein fluorescence is highly sensitive13-16 (Figure 
3.1d). Over the pH range 6-10 only the monoanion and dianion contribute to the 
fluorescence intensity16. As the pH increases the abundance of the dianion increases 
and so does the fluorescence. This is because the quantum yield of the dianion is 
0.93 compared with 0.36 for the monoanion13. The photo-physics of fluorescein make 
it an ideal protein label as its excitation and emission wavelengths (λex = 480 nm, λem 
= 510nm) do not overlap significantly with those associated with biomolecules, which 
tend to absorb in the UV region. Moreover, the isothiocyanate derivative of fluorescein 
(FITC) binds specifically and covalently to the amino terminal and primary amines of 
proteins14,17. The efficacy of FITC for the labelling of surface-bound protein was 
validated using a combination of SEM and fluorescence microscopy, as illustrated in 
Figure 3.1e. 
 
Figure 3.1d. pH dependence of fluorescein fluorescence  and the structure of fluorescein 







SEM imaging was used to determine the spatial distribution of protein contamination 
prior to labelling, as exemplified in the left-hand image, which shows the tips of a 
surgical clamp. The protein appears as dark areas in the SEM as confirmed by 
elemental analysis using energy dispersive X-ray spectroscopic analysis. A 
fluorescence micrograph of the same area of this instrument, following FITC labelling, 
is shown in the right-hand image. It can be seen that there is excellent 
correspondence between the two images, confirming that the fluorescent labelling of 
the protein is effective and selective, with no detectable, non-specific adsorption of 




3.1.4. The Epifluorescence Surface Scanner  
 
The EFScan used in these studies is a commercial prototype system that was 
developed in partnership with Edinburgh Biosciences Ltd. Its design was based on a 
laboratory-built system that was developed previously in the Jones and Baxter 
groups at Edinburgh18. The EFScan (Figure 3.1f) comprises a fixed optical head, 
incorporating an LED excitation source and a photomultiplier detector, beneath 
which a scanning bed, on which the sample is mounted, is moved under computer 
control to build up a 2D raster image of the scanned area (maximum 110 x 72 mm2). 
Software in the host computer captures and processes the fluorescence data to 
produce a 48x32 pixel image of the spatial distribution of fluorescence intensity over 
the scanned area. The pixel dimensions are 2.25 x 2.25 mm2. This process takes 
approximately 15 minutes. 
Figure 3.1e. The left-hand image shows a scanning electron micrograph of the tips of a 
surgical clamp prior to FITC labelling (scale bar 1 mm). The right-hand image shows a 









The optical head employs an epifluorescence geometry, in which excitation and 
detection are conducted through the same objective lens, as illustrated in Figure 
3.1g. This ensures exact coincidence of excitation and detection areas and enables 
efficient and quantitative detection of fluorescence intensity. This arrangement is 
based on a standard “filter cube”, as used in fluorescence microscopes, which 
incorporates excitation and emission filters and a dichroic mirror to spectrally 
separate the fluorescence from scattered/reflected excitation light and prevent the 
latter from reaching the detector. The rejection of scattered/reflected excitation light 
is a major challenge to the sensitive detection of fluorescence from molecules on a 
metal surface, such as a surgical instrument. This is achieved in the EFSCAN system 
by the use of bandpass filters with an extremely high extinction ratio combined with 
an extremely high transmittance (~99%). 
 
 
Figure 3.1f. The EFSCAN system. Top - the complete system, comprising the detection unit 
(optical head and scan bed), on the left, and the power supply/control units and laptop 






The spectral profiles of the filters and LED source, together with absorption and 
emission spectra of FITC are shown in Figure 3.1h. The excitation filter selects a 
band of wavelengths between 465 nm and 500 nm from the output of the LED source, 
cutting off the long wavelength ‘tail’ of the LED output that extends into the 
wavelength range of the FITC fluorescence. The dichroic mirror reflects wavelengths 
below 500 nm (the excitation light) and transmits wavelengths above 510 nm (the 
fluorescein fluorescence). The emission filter transmits a band of wavelengths from 
Figure 3.1g. Schematic diagram of the epifluorescence arrangement in the optical head, 
based in a standard filter cube 
Figure 3.1h. Normalised plots of the absorption and emission spectra of the fluorescein 
fluorophore (dashed blue and green lines), the transmission plots for the excitation, 







510 nm to 560 nm, covering the majority of the fluorescein emission spectrum. The 
complete optical system is shown in Figure 3.1i. The excitation arm contains the 
source, a lightweight packaged LED array device, collection lenses (L1 and L2), and a 
diffuser plate which is used to minimise the structure of the LED array at the sample 
plane.  Two adjustable irises and additional lenses (L3 and L4) are used, in 
conjunction with the objective, to control the intensity of the illumination, and the 
beam diameter of the excitation illumination at the sample plane. The objective lens 
(NA ~ 0.5) is common to both the excitation and emission channels and collects the 
emitted fluorescence onto the 8 mm diameter effective area of the photomultiplier. 
With the need for only weak focussing of the emission, this means that the detection 
sensitivity is tolerant to variation of the distance between the sample surface and the 
optical head, within a range of a few mm, allowing for reliable measurements on 
surfaces which are not flat. The photomultiplier detector provides very high 
sensitivity combined with a large dynamic range. There is provision for the inclusion 
of additional filters in the excitation and emission arms, over and above those 
incorporated in the standard filter cube, to enhance discrimination against scattered 
excitation light. In the present work, a single excitation filter and two emission filters 
were used. The EFScan system employs phase-sensitive detection to render the 
detector insensitive to stray ambient light. Phase sensitive detection allows for 
amplification of a specific signal of interest by reducing noise outwith the range of 
the signal of interest. This is done by modulating the input signal at a reference 
frequency while the system measures the response from the sample at the specified 






reference frequency, allowing for any noise, which is at a different frequency or phase 
to the signal of interest, to be identified and attenuated to zero. This enables the 
EFScan system to be used in normal room light without the need to make the 
scanning bed assembly light-proof. In the EFScan system phase-sensitive detection 
is achieved by modulating the output of the LED at 1 kHz and recording the output 
from the photomultiplier synchronously with the modulated excitation. 
 
The Output 
The raw data from the EFScan consists of a matrix of fluorescence intensity values, 
which is displayed in the form of a simple colour-coded, pixelated image on the laptop 
PC as the scan proceeds, as illustrated in Figure 3.1j. This gives an immediate 
indication of protein coverage and identification of hotspots. The numerical data are 
also exported to an Excel spreadsheet to allow for processing of the data to establish 
the amount of protein on the instrument. A detailed description of the calibration 
and data analysis is given in Section 3.2. 
 
 
FITC-BSA was chosen as a simple, reproducible, commercially available protein 
standard for calibration of the EFScan. BSA is commonly used as a protein 
concentration standard; it has a molecular weight of 66,463 Da and consists of 583 
amino acid residues. Inevitably, calibration involves the use of a model protein 
system, since the composition of the real protein residue on surgical instruments is 
Figure 3.1j. Typical output of the EFScan system. The left-hand image indicates the area of 
the instrument scanned. The right hand image shows the raw data in the form of colour-
coded pixels, where the colours indicate the level of protein (BSA equivalent) per pixel, 






unknown. BSA is arguably a good model system, since serum albumin is the most 
abundant protein in blood plasma (the normal concentration of human serum 
albumin in blood is 0.5-0.8 mM). Nevertheless, it is important to recognise that the 
protein loads on surgical instruments that are reported in the present studies are 
expressed as FITC-BSA equivalents, i.e. the amount of FITC-BSA that would give a 
fluorescence intensity equivalent to that measured. 
 
Previous Results of the EFScan System 
Quantitative assessment of the efficiency of plasma cleaning resulted in a 
comprehensive study from the Baxter and Jones group (Edinburgh) which utilised 
SEM, EDX and EFScan analysis of a selection of reusable instruments. Comparison 
of EFScan data before and after decontamination showed that over 99% of the 
proteinaceous contamination had been removed18. Further work from the group 
examined a variety of instruments, including reprocessed, retired-from-use 
instruments from Edinburgh Royal Infirmary and reprocessed, in-use instruments 
from several SSDs in Scotland; this work is unpublished but has been reported to 
DH in Final Report reference 007/0204. For the retired-from-use instruments, total 
protein load (on one surface) ranged from 170 ng to 11.8 g (FITC-BSA equivalent). 
33% of instruments had a total protein load less than 1 g, 65% had less than 2 g, 
80% had less than 3 g and 90% had less than 4 g. For the in-use instruments, the 
level of residual protein contamination was significantly less than for the retired 
instruments; 61% of the in-use instruments had a total protein load of less than 1 
g, compared with 33% of the retired instruments.  
 
3.1.5.  Alternative Methods for the Evaluation of Protein Residue on 
Surgical Instruments 
 
Under the auspices of the same DH-funded research programme that supported 
development of the EFScan system, two other groups have developed and applied 
fluorescence-based methods for in situ detection of residual protein on surgical 
instruments. Keevil et al, University of Southampton, developed an episcopic 
differential interference contrast microscope and Perrett et al, Queen Mary 
University, London, developed a CCD-based detection system in combination with 







Episcopic Differential Interference Contrast/Epifluorescence (EDIC/EF) 
Microscopy 
The Keevil group from the University of Southampton have carried out several studies 
on the detection and quantification of proteinaceous residue on a variety of surgical 
instruments19-22. Preliminary studies involved the use of SYPRO ruby in conjunction 
with epifluorescence microscopy to identify areas of protein contamination. Gross 
contamination was observed using episcopic differential interference contrast 
microscopy. Sampling was performed on distinct test areas of each instrument and 
the degree of contamination was established by implementation of a visual 
contamination index (0-4); where 0 indicates no detectable contamination and 4 
indicates substantial soiling (>4.2 μg mm-2)19.  Eight independent volunteers 
assessed the degree of contamination based on five photographed standards 
representing the 5 levels in the contamination index. These were compared to the 
test areas on the instruments. The method has since evolved to include Thioflavin T, 
which binds exclusively to amyloid deposits characteristic of CJD, resulting in a dual 
stain procedure capable of discerning between infectious and non-infectious protein 
contamination. The same scoring method as to the degree of contamination was used 
in these studies. Results show that at least 66% of instruments tested in all cases 
showed soiling at level 2 (42-420 ng mm-2) or above on at least one of the test areas19-
21. Dual stain studies on test instruments artificially contaminated with ME7 (murine 
scrapie) infected mouse brain homogenate have shown that, of the total protein 
contamination observed approximately 7% was identified to be amyloid22. These 
studies have utilised sophisticated detection and labelling techniques and produced 
results which support previous contamination studies, however, data analysis 
techniques could be improved. Visual inspection allows for human error and 
subjectivity and so reduces the reliability of results. Moreover, a large range of 
contamination is covered by the contamination index (0-4.2 μg mm-2 and above) but 
with low resolution. Therefore, the accuracy of the results is reduced. 
 
‘ProReveal Sensitive In-Situ Fluorescence Protein Detection Test’ 
A group led by Prof. David Perrett from Queen Mary University initially carried out 
studies on the effectiveness of instrument decontamination using ex situ protein 
analysis23,24. Selected areas of cleaned instruments (e.g. the working end of each 
instrument) were visually inspected and graded based on a contamination index 
ranging from 0-3 (0 no visible debris, 3 extensive visible debris). Subsequently, 






by staining with o-phthaldialdehyde/N-acetyl cysteine (OPA/NAC) followed by 
fluorescence analysis23. Results ranged from 0.3 μg to 3.85mg of protein per 
instrument for a selection of dental instruments24 and 0.5 μg to 63.2 μg of protein 
per instrument for a set of dental files25. In another study, surgical instruments from 
various hospitals were analysed. Instrument sets had been routinely washed and 
sterilised ready for their next use before analysis. This study highlighted the 
difference in the standard between SSDs with the amount of protein removed per 
instrument ranging from 2 μg to 2.23 mg and up to 45 mg of residual matter19. The 
next stage in the research has involved the development of a detection system for in 
situ measurement of residual protein based on the use of OPA; this system is now 
being marketed under the tradename ProReveal26. An instrument of interest is placed 
on a sheet of non-fluorescent paper in the drawer of the ProReveal and sprayed with 
OPA solution. The instrument is analysed and an image of the instrument with an 
overlay of the fluorescence from protein-bound OPA is displayed. Furthermore, 
ProReveal software determines the amount of protein based on OPA fluorescence 
intensity and gives a pass or fail verdict based on a threshold set by the user. This is 
a novel and swift method of protein detection and is already tailored for use in a 
clinical setting, though improvements could be made. Although the use of OPA spray 
reduces the amount of reagent used; the small volumes may not be enough to 
penetrate thick deposits of proteinaceous material. This could result in an 
underestimate of protein contamination and a subsequent ‘pass’ for an instrument 
which may not be up to standards. Moreover, the safety data sheet for OPA states 
the users should ‘avoid breathing vapours, mist or gas’27.  
 
The above mentioned techniques have successfully corroborated the fluorescence 
detection of proteinaceous contamination on surgical instruments; however, each 
has its shortcomings. A drawback which applies to all three techniques is the need 
to label samples before analysis. Labelling is time consuming and messy so is not an 
ideal step in a clinical quality control process. Ideally, analysis of protein 
contamination would be a label-free process; however, there are drawbacks to this. 
Spectral complexity and low fluorescence intensities from nanograms of residual 
protein would presumably plague such measurements but, perhaps a multi-










3.2. Materials and Methods 
 
3.2.1.  Materials and sample preparation 
 
Fluorescein isthiocyanate (FITC), Bovine serum albumin (BSA) (≥98%) and FITC-
labelled BSA (FITC-BSA) were obtained from Sigma-Aldrich and used as received. A 
stock solution of FITC-BSA dissolved in distilled water at a concentration of 3mg/ml 
was frozen in aliquots of 2ml for future use. 
 
For epifluorescence analysis of instruments, 10 mg of FITC was dissolved in 100 ml 
of carbonate buffer (0.84 g sodium hydrogen carbonate and 1 x sodium hydroxide 
pellet per 100 ml of buffer) at pH9 and instruments were soaked with light orbital 
shaking for 10 minutes at room temperature. The instruments were rinsed with water 
and left to dry before analysis. The labelling conditions are in keeping with those 
used in solution phase labelling of proteins with FITC28, however, labelling time was 




Stainless steel disks with a diameter of 5 mm were cut from 316L stainless steel 
sheets using a punch press provided by the UoE mechanical workshop. All tokens 
were washed in acetone, with vigorous orbital shaking for 15 minutes, rinsed with 
distilled water and left to dry before use. For epifluorescence analysis, tokens were 














Figure 3.2a. Example set of calibration discs (left) and the calibration plot used for the 







mounted onto double sided, non-fluorescent tape adhered to a glass slide and 20 μL 
of FITC-BSA solution at varying concentrations (0 – 2 μg per 20 μL) was pipetted onto 
the tokens and allowed to dry. Five tokens were used for each concentration to 
improve accuracy. A set of calibration discs is shown in Figure 3.2a (left). Following 
analysis using the EFScan, a calibration graph was produced (Figure 3.2a right) and 
the resulting equation was applied to fluorescence intensity (signal voltage) measured 
for each instrument to give the amount of protein. The method of data analysis used 
to obtain the calibration graph will be discussed in more detail in the next section. 
Furthermore, it should be noted that different calibration equations were used for 
the 3-centre study and the subsequent study of disposable instruments study as the 
response of the EFScan system changed following repair of the hardware between 
the projects. The equations used for the 3-centre study and the disposable 
instruments study were y = 50.4x - 0.147 and y = 89.0x + 1.98, respectively, where 
x is the measured intensity per pixel and y is the amount of protein (FITC-BSA 
equivalent) in ng/pixel. 
 
3.2.3.  Data Analysis 
 
Together with the pixel by pixel image, an Excel spreadsheet is also produced by the 
EFScan software, displaying the numerical information in the pixel by pixel image 
and allowing processing of the data. Before application of the calibration, a 
background threshold is set to isolate the emission from the calibration disks or 
instrument; Figure 3.2b (right) shows typical data, after setting values below the 
Figure 3.2b. On the left is shown Excel output from EFScan software showing a set of 
calibration discs (500ng/disc) with pixels above 10% of the peak value highlighted. On the 
right is shown data measured for the upper tip of instrument B8F from the disposable 






threshold level to zero. For the calibration, the signal obtained from the plate on 
which instruments were mounted was used as the threshold value to allow for the 
scattering from blank discs to be observed. After disc areas were identified, the peak 
value for each disc was determined and all those pixels with values above 10% of the 
peak were selected and highlighted for analysis (Figure 3.2b left). The mean intensity 
per pixel was calculated and plotted against the mean protein load per pixel area to 
produce the calibration plot. Calibration plots could be fitted with a linear equation 
with R2 value typically >0.98. The threshold value for the analysis of instruments was 
determined by evaluating the intensity/pixel from a blank disc and was set to 0.1 
before the mid-project repair of the EFScan and 0.06 afterwards. Application of the 
calibration equation converts the measured fluorescence signal to amounts of protein 
in ng allowing for calculation of total protein per instrument, protein/mm2 and the 
amount of protein in hotspot areas (Figure 3.2b right). The hotspot for each 
instrument is defined as the pixel containing the highest value. The limit of detection 
of the EFSCAN system is ca 0.15 femtomoles of protein per mm2, equivalent to 0.1 
ng of BSA per mm2. This exceeds the sensitivity of the commonly used ninhydrin 
swab test by more than a thousand-fold. 
 
3.2.4.  Surgical Instruments 
 
3-Centre Study of Single-use Instruments 
The Perrett group (Queen Mary, London) obtained 40 identical, single-use mosquito 
forceps from Great Ormond Street Hospital, where they had been washed in 
Prolystica detergent. The instruments had been were procured from Unisurge Ltd. 
The instruments were randomly allocated to the three groups, 12 to each group, for 
‘blind’ measurement, followed by submission of the results to the Department of 
Health for analysis. At the time of measurement, all three groups were under the 
impression that the instruments had been used prior to decontamination at Great 
Ormond Street Hospital. However, subsequently it became apparent that the 
instruments were unused. The twelve instruments measured in Edinburgh were 
labelled S1 to S12.  
 
Farther Study of Single-Use Instruments  
Twenty-five single-use (disposable) mosquito forceps were acquired from three 






existing surface contamination. Instruments were labelled and analysed straight 
from the packet and labelled Q1F-Q25F, B1F-B25F and I1F-I25F. 
 
3.2.5.  Epifluorescence surface analysis 
 
Epifluorescence surface analysis was carried out using the EFSCAN system. To 
enable comparison with results from the Perrett group (ProReval system), which 
employs imaging of one side of the entire instrument with a CCD camera, both the 
working end (tip) and the handle section of each instrument were measured by 
carrying out two separate scans. Both sides of each instrument were scanned, 
making a total of four scans per instrument. The calculated total protein load (over 
the entire instrument) is slightly overestimated because of overlap between the tip 
scan and handle scan; about 15% of instrument was scanned twice. 
 
3.2.6. Solid State Measurements 
 
Fluorescence measurements on BSA crystals were carried out by mounting the 
crystals on double-sided, non-fluorescent, adhesive carbon tape (acquired from Agar 
scientific) fixed to a glass slide; optical fibres coupled to a fluorescence spectrometer 















3.3. Results and Discussion 
 
3.3.1. Measurements on Unisurge Single-use Instruments and 3-
Centre Study 
 
The following measurements on single-use instruments were undertaken as part of 
a 3-centre blind study, to cross-validate the three different techniques used by the 




















Upper 10.57 0.12 0.023 Upper 23.96 0.15 0.030 


















Upper 3.34 0.12 0.024 Upper 69.42 0.21 0.041 


















Upper 7.94 0.15 0.030 Upper 43.33 0.18 0.027 


















Upper 5.53 0.11 0.022 Upper 58.73 0.19 0.032 


















Upper 8.29 0.12 0.023 Upper 49.1 0.19 0.029 
Lower 9.78 0.15 0.029 Lower 37.57 0.16 0.024 
Table 3.1. Fluorescence intensity detected on selected instruments analysed before 
labelling with FITC (designated S1, S3, etc.) and the corresponding intensities following 







Before labelling, a sample of the instruments was scanned to determine if there was 
any background fluorescence from surface contamination. Table 3.1 shows the 
results obtained, in terms of fluorescence intensity, in comparison with the 
intensities measured following labelling with FITC. It can be seen that all four 
instruments sampled show measurable intrinsic fluorescence from surface 
contamination which must have similar spectral properties to fluorescein. This may 
be due to flavin adenine dinucleotide (FAD) which absorbs and emits in this 
wavelength range. However, with the exception of instrument S1, the fluorescence 
intensity pre-labelling is much less than that post-labelling. 
 
 
There is little correlation between the intensity of intrinsic background fluorescence 
and the corresponding FITC fluorescence which demonstrates the selective binding 
of FITC as high background fluorescence does not infer high FITC fluorescence and 
therefore high protein contamination. Table 3.2 (Page 54) gives the results of 
measurements after FITC labelling for all twelve instruments.  The amount of protein 
load is expressed as total protein load (mass of equivalent number of moles of FITC-
BSA) on each side of the instrument (and the sum over both sides) and protein 
surface density, i.e. the mass (FITC-BSA equivalent) per unit area, averaged over the 
area in which protein was detected, not the total area of the instrument. The total 
protein load, measured over the entire instrument (both sides), is summarised 
graphically in Figure 3.3a and ranges from 3.0 to 8.6 g. The average load was 5.2 
g (standard deviation 1.8 g, relative standard deviation 35%). This level of 
contamination is surprisingly high, given that these are unused instruments, and is 


















Figure 3.3a. Summary of measurements of total protein load (FITC-BSA equivalent) over the 







previous studies discussed above. Nevertheless, on the basis of these measurements, 
all of the instruments would satisfy the HTM 01-01 requirement of ≤5 μg (BSA 
equivalent) of protein per side. The origin of the proteinaceous contamination on 
these instruments is unknown, but it must be assumed to be deposited during 
manufacture of the instruments. The variation in level of contamination from 
instrument to instrument could indicate that contamination occurs through directly 
handling the instruments during manufacture. The degree of transfer would depend 
on factors such as local sources of contamination (operative’s hands, clothes, 
working environment), temperature (sweat), and the length of time the instrument 
was handled.  
 
Looking at the distribution of contamination on each instrument, as summarised in 
Figure 3.3b, it can be seen that, in most cases, there is a similar level of 
contamination on both surfaces. (The two surfaces can be distinguished by 
manufacturer’s marks.) The average load on surface 1 (upper surface) is 2.5 g (SD 
1.0 g), the average load on surface 2 (lower surface) is 2.7 g (SD 0.8 g). Across the 
set of instruments, total protein on each surface of each instrument is comparatively 
consistent with a correlation coefficient of 0.87. This suggests that contamination 
has been transferred via handling during manufacture rather than placement on a 
contaminated surface. The distribution of protein between the two ends of the 
instruments, the working end (tip) and handle, is compared in Figure 3.3c. There are 
generally comparable levels of contamination at each end, although for five of the 























Total protein (μg) Upper 
Total protein (μg) Lower
Figure 3.3b. Comparison of the total protein load (FITC-BSA equivalent) on each surface, 






the handle than on the tip; the ratio of protein load on the handle to that on the tip 
was in the range 1.5-2.6 for these five instruments.  
 
Instrument number 2 shows an unusually high level of protein on the working end; 
the protein distribution over the entire instrument is shown by the contour plots in 
ng protein / pixel 
Figure 3.3d. Contour plots of surface protein density, shown as ng per pixel, where 1 pixel is 



















Total protein (μg) Tip
Total protein (μg) Handle
Figure 3.3c. Comparison of the total protein load (FITC-BSA equivalent) on the working end 






Figure 3.3d. There is contamination at a level of 2 to 6 ng mm-2 (10-30 ng/pixel) over 
much of the surface, with several hotspots of about 10 ng mm-2 at the working end.  
There is considerable variation in hotspot values between instruments, showing a 
RSD of 32%, and, as illustrated in Figure 3.3e, little correlation between hotspot 
value and total protein contamination. It was observed that hotspots were often 
located on the joints and tips (working end) of the forceps, and on the thumb and 
finger rings of the handle. This reinforces the hypothesis that contamination is 
























Protein Density/ng mmˉ² Entire instrument
Protein Density/ng mmˉ² Hotsport








Area Scanned Total Protein  (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg 
Upper 1185 2.9 7.0 
3.0 
Upper 1536 3.3 6.3 
3.5 
Lower 1815 2.7 5.9 Lower 1987 3.6 11.7 
S2F S8F 
Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg 
Upper 4257 5.2 14.4 
8.6 
Upper 2723 3.8 13.6 
5.7 
Lower 4369 4.9 14.1 Lower 2993 4.0 17.0 
S3F S9F 
Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg 
Upper 3498 4.4 18.4 
6.4 
Upper 3779 4.5 13.6 
7.2 
Lower 2895 3.7 15.0 Lower 3456 4.4 12.2 
S4F S10F 
Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg 
Upper 1405 3.2 5.7 
3.7 
Upper 2187 3.6 10.5 
4.2 
Lower 2266 3.6 10.5 Lower 1975 3.2 10.7 
S5F S11F 
Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg 
Upper 1085 3.1 11.3 
3.1 
Upper 2960 3.8 9.9 
6.4 
Lower 1966 3.6 13.6 Lower 3463 4.2 11.5 
S6F S12F 
Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg Area Scanned Total Protein (ng) 
ng/ 
mm2 
HS ng/mm2 Total μg 
Upper 2831 4.1 16.0 
5.8 
Upper 2476 3.8 7.1 
4.4 
Lower 2951 4.1 16.8 Lower 1894 3.3 5.9 
Table 3.2. The amounts of protein (FITC-BSA equivalent) detected on instruments S1F-S12F, expressed as total protein and surface protein density. The 






5.3.2  Comparison of results from the Three Centres 
 
The aim of the 3-centre blind study was to assess the reliability of fluorescence-based 
techniques for the detection of proteinaceous contamination and the consistency of 
results obtained using the three different methods. In this section the results 
obtained by the three groups are compared. The results from each group were 
submitted independently to the Department of Health for statistical analysis Dr 
Andre Charlette (Health Protection Agency). The results of that analysis are presented 
in Table 3.3. It should be noted that the Queen Mary group measured only one side 
of each instrument, whereas the Edinburgh and Southampton groups measured 
both sides. The Edinburgh (EFScan) measurements required two separate scans to 
cover the entire area of the instrument resulting in about 15% overestimate of protein 
load. The microscope-based system of the Southampton group only allows small 
areas to be imaged and selective measurements were made on tips, joints and 
handles. 
As shown in Table 3.3, the mean results from the three groups are of similar 
magnitude, and all of the results showed a high level of correlation with expectations 
based on a normal distribution. The Edinburgh values lie between those obtained in 
Southampton and Queen Mary, with the former being about 1.5 times lower and the 
latter about 1.5 times higher. In view of the different labelling methods and 
measurement techniques used in the three groups, the consistency of the 
measurements is encouraging, and clearly confirm that microgram levels of protein 
contamination can be found on Unisurge single-use mosquito forceps.  Most 
importantly, these results show the relevance of fluorescence techniques in the 
identification and quantification of proteinaceous residue on stainless steel surgical 
instruments.  
 







Queen Mary 16 Mosquito forceps. (one side) 5.1 (2.4) 0.97 
Edinburgh 12 Mosquito forceps. (both sides) 5.2 (1.8) 0.94 
Edinburgh 12 Mosquito forceps.(one side u) 2.5 (1.1) 0.97 
Edinburgh 12 Mosquito forceps. (one side l) 2.7 (0.8) 0.89 
Southampton 12 Mosquito forceps. (both sides) 3.5 (0.7) 0.98 
Southampton 12 Mosquito forceps. (one side u) 1.5 (0.5) 0.95 
Southampton 12 Mosquito forceps. (one side l) 2.0 (0.7) 0.96 
Table 3.3. Summary of results from the three groups, showing the number of instruments 







3.3.3.  Further Measurements on Single-use Instruments 
 
Following the success of 3-centre study and the revelation that ready-to-use, single-
use instruments have proteinaceous contamination in the region of micrograms after 
rinsing, it was resolved to look more extensively at the standard of cleanliness of 
other, single-use instruments. Twenty-five instruments were procured from each of 
After Labelling 
1 µg 2.2 µg 
Instrapac
  
Qasco DMI Ltd. 
2.8 µg 
Before Labelling 
Figure 3.3f. Top - images of instruments in their packaging, as received, Bottom - typical 






three manufacturers; Qasco, DMI Ltd. and Instrapac. Initial observations 
concentrated on the packaging used by each manufacturer. As is shown in Figure 
3.3f (top) the packaging for DMI and Instrapac instruments is sealed and are marked 
as sterile whereas Qasco instruments were supplied in an open ended plastic slip, 
and, therefore, are not presented as ready-for-use. As exemplified by the EFScan 
data in Figure 3.3f (middle), some background fluorescence was observed before 
labelling and there was little correlation between background fluorescence and the 
corresponding FITC fluorescence (Figure 3.3f bottom), similar to previous findings for 
the Unisurge instruments.  Table 3.4 shows a summary of the mean total amount of 
contamination detected per instrument, for each set of instruments. The complete 
results for all instruments are given in Appendix 3.1. 
The mean levels of protein contamination were higher, in all cases, than for the 
Unisurge instruments. This is unsurprising, since the Unisurge instruments had 
been washed prior to measurement. Total protein contamination was found to 
decrease in the order Qasco (19.4 g)> DMI Ltd. (16.5 g)> Instrapac (11.4 g). 
Considering the packaging of Qasco instruments it is unsurprising that they have 
the largest amount of protein contamination; however, the DMI instruments show 
only 15% less than the Qasco instruments, whereas Instrapac instruments display 
over 40% less contamination than Qasco instruments. This suggests that post 
manufacture processing of Instrapac instruments are of a higher standard than those 
for DMI Ltd. and, in particular, Qasco instruments. Nonetheless, it is clear that 
instruments from none of these suppliers can be considered to be clean, although 
those supplied by DMI and Instrapac may well be sterile. Compared with the results 
from the pilot study, mean totals for an entire instrument, for each manufacturer are 
significantly higher. This is to be expected as the instruments used for the pilot study 
were washed before analysis. Conversely, the average amount of protein per mm2 for 
each manufacturer is comparable to the instruments analysed in the pilots study. 
This can again be explained by the fact that pilot study instruments were washed 
before analysis. The results presented here for mean protein load per instrument 
Manufacturer n 
Mean Total Protein 
(μg) 
Mean Total Protein 
(μ mmˉ²) %RSD 
Correlation 
Coefficient 
Qasco 25 19.4 4.0 28.2 0.9 
DMI Ltd. 25 16.5 3.6 33.0 0.3 
Instrapac 25 11.4 3.0 33.3 0.3 
Table 3.4. Mean total protein levels determined from measurements on single-use 







represents the amount of protein averaged over the area on which protein was 
detected, not the amount of protein averaged over total area of the instrument. As 
the pilot study instruments had been washed, there was a smaller area to average 
over and conversely for the disposable instruments study. Further insight can be 
gained from the more detailed results in Table 3.5 on the protein load on each side 
of each instrument. The Qasco instruments show similar levels of contamination on 



























Table 3.5. Amount of protein per side of each of 75 single-use instruments from three 
manufactures (25 instruments from each). Highlighting indicates those instruments that would 




Amount of protein (μg) 
Qasco DMI Ltd. Instrapac 
Upper Lower Upper Lower Upper Lower 
1 7.5 7.0 5.4 5.7 3.1 3.2 
2 5.5 7.8 5.9 5.5 2.7 7.3 
3 6.9 7.6 5.2 5.7 3.9 4.5 
4 7.8 10.0 6.0 5.0 4.4 5.3 
5 10.3 13.4 8.0 6.9 5.7 6.1 
6 12.0 11.3 6.5 5.9 6.7 8.6 
7 9.1 9.5 8.2 12.0 6.9 11.4 
8 9.7 9.4 10.0 15.8 11.6 4.9 
9 9.6 9.9 9.0 8.8 4.0 5.9 
10 9.6 10.8 18.4 8.3 12.0 5.6 
11 11.2 11.0 7.2 17.4 10.1 5.2 
12 10.6 10.0 10.2 7.5 7.4 6.7 
13 8.1 8.4 7.9 9.7 4.3 4.1 
14 6.8 7.0 8.3 10.1 3.7 4.1 
15 7.9 8.1 7.7 6.5 4.7 9.9 
16 16.1 19.1 8.6 9.3 4.9 6.0 
17 12.9 16.1 6.9 8.3 7.9 9.5 
18 9.2 9.6 8.1 19.6 6.9 6.7 
19 13.0 16.3 9.9 12.2 4.3 3.8 
20 13.0 9.6 8.5 9.3 4.5 4.0 
21 8.0 7.0 4.8 4.6 3.3 3.3 
22 7.8 8.1 5.0 5.9 3.9 4.4 
23 6.8 7.5 5.4 5.2 3.7 2.4 
24 7.7 7.6 7.3 7.1 5.0 5.3 






observation for Unisurge instruments, again suggesting that contamination is 
transferred through indiscriminate handling during manufacture. Instrapac 
instruments, however, show a low correlation coefficient of 0.28, suggesting that the 
lower level of contamination on these instruments may have been acquired via 
contact with a contaminated surface following assembly. The DMI instruments also 
show a low correlation coefficient of 0.31, although they have high protein 
contamination, suggesting that contamination has been transferred via handling and 
contact with contaminated surfaces. Considering these results in the context of the 
new HTM 01-01 guidelines, remarkably, only 10 instruments (13%) out of all those 
analysed have protein levels below the 5 g limit. Of these, none were from Qasco 
and only one was from DMI Ltd. Despite the fact that Instrapac instruments are 
significantly cleaner than those from Qasco and DMI, only 36% of the instruments 
analysed would have passed inspection. The introduction of a threshold value for the 
amount of protein per side of an instrument is a vital step forward in the improvement 
of quality control in SSDs; however, the question is raised as to whether an average 































Figure 3.3g. Comparison of average surface protein density for the whole instrument and 







Figure 3.3i. Comparison of average surface protein density for the whole instrument and the 



























































Figure 3.3h. Comparison of average surface protein density for the whole instrument and 







Figures 3.3g to 3.3i show the comparisons of average surface protein density for an 
entire instrument with the corresponding hotspot density, for each set of 
instruments. Evidently, hotspot values are significantly higher than those averaged 
over the entire instrument with hotspots averaging ten times more contamination for 
all sets of instruments. It should be noted that maximum hotspot values of around 
100 ng/mm2 for each set of instruments correspond to the saturation of the detector, 
therefore, even higher levels of contamination could be present. Figure 3.3j shows 
the distribution of protein between the working end and the handle for instrument 
Q23F. As was observed for Unisurge instruments, protein distribution is relatively 
uniform save for hotspots. For Qasco and Instrapac instruments hotspots were 
relatively evenly distributed between the thumb and finger rings of the handle and 
the tip whereas hotspots on DMI instruments were mainly found on the thumb and 
finger rings of the handle (See Appendix 2). As the tip of the forceps require through 
machining the handle will be touched more frequently and for prolonged periods. The 
fact that DMI instruments have more hotspot contamination on the handles suggests 
that the temperature of manufacturing conditions may contribute. The warmer the 


































































































































































Figure 3.3j. Contour plots of surface protein density, shown as ng per pixel, where 1 pixel is 






contamination and therefore, hotspots.  Hotspots represent areas of high protein 
concentration meaning a larger number of, possibly infectious, protein molecules and 
a thicker plaque. Contact with hotspot areas during surgery may be more likely to 
result in the transfer of proteinaceous material due to breaking away of upper layers 
of protein that are not directly bound to the  surface of the instrument. Therefore, 
the inclusion of an additional threshold based on hotspot values may be advisable 
for quality control. 
 
3.3.4.  Development of EFSCAN Labelling Procedure 
 
Given the introduction of a threshold for protein contamination in the HTM 
guidelines, devices capable of detecting and quantifying protein are now a necessity 
in SSDs. Commercial development of the EFScan system for use in a clinical setting 
requires not only refinement of the hardware, but also simplification of the labelling 
procedure. It was therefore decided to produce a labelling formulation in the form of 
a tablet, composed of FITC and the constituents of the buffer solution. Each tablet 
contained 10mg of FITC, 0.2g of sodium hydroxide powder and 0.8g of sodium 
hydrogen carbonate powder. The constituents were combined in a pestle and mortar 
and loaded into a pellet press. Resultant tablets had a diameter of 13 mm and were 
3 mm thick. They dissolved in 100ml distilled water after 2 minutes of gentle shaking. 
Resulting solutions gave comparable pH, fluorescence intensities and identical 
spectral shapes to those made according to the labelling procedure in Section 3.2. 
Tablet integrity has not been compromised by short term storage in plastic centrifuge 
tubes, however further research is required to determine the overall lifetime of the 
tablets. Although the use of tablets makes labelling more straightforward, the 
labelling step is time-consuming and cumbersome, therefore, a label-free method of 
detection would be desirable. To determine the feasibility of label-free, intrinsic 
detection of protein residues, a thorough understanding of protein fluorescence in 
the solid state is essential. 
 
3.3.5.  Preliminary Investigation of Intrinsic Fluorescence of Solid-
state BSA  
 
Preliminary experiments to explore the feasibility of label-free detection focussed on 
BSA crystals, since BSA has been adopted as the standard for label-based detection. 






tryptophan (Trp) and this characteristic emission was observed upon exciting BSA 
crystals at the absorption maximum for Trp (290 nm), however,  as excitation 
wavelengths were increased a marked change in emission intensity and spectral 
position was observed. Figure 3.3k (left) shows the emission characteristics of a BSA 
crystal as a function of excitation wavelength, with the spectral position red shifting 
and spectral shape broadening with increasing excitation wavelength. Such 
excitation-dependence suggests that there is more than one ground state species 
present within the BSA crystal. As shown in Figure 3.3k (right), acquisition of an 
excitation-emission matrix (EEM) at excitation wavelengths ranging from 280 to 
410nm clearly shows two distinct peaks, one at 340 nm (λex = 290 nm) corresponding 
to Trp emission and one at 420 nm (λex = 360 nm) corresponding to an unknown 
species. Furthermore, it became apparent that the presence of this species was 
associated with UV-irradiation of BSA, it was not an extraneous impurity. The 
encounter of such complexity in the fluorescence properties of BSA in the early stages 
of characterisation suggested that intrinsic-fluorescence-based protein detection 
may be problematic, and further experiments to investigate the nature and origin of 
the long-wavelength emitting species were undertaken, as presented in Chapter 4. 
 
 
3.4.  Conclusions 
 
The EFSCAN system has been successfully utilised in the detection of ng mm-2 
amounts of protein contamination on pre-washed, single-use mosquito clamps from 
Unisurge with an average value of 5.2 μg of protein per instrument for the 12 
instruments analysed in the pilot study. These results were in close agreement with 
Figure 3.3k. Left - emission as a function of excitation wavelength for a BSA crystal Right - 
EEM of protein crystal (NB: Central spectra omitted for clarity) 
 



















































those measured at Queen Mary University, London, and the University of 
Southampton in a 3-centre blind study. The consistency of the results between the 
three centres successfully demonstrated the effectiveness of fluorescence analysis in 
the quantitative detection of protein on surgical instruments. Of the three methods 
tested the author believes that the EFScan system shows the most promise as a 
commercial product. Although results are comparable, the Southampton method 
involves sampling of specific areas rather than an entire instrument, using a 
subjective system which ultimately leads to an underestimation of protein load with 
reduced repeatability. In terms of the ProReveal the stability of the OPA-protein 
complex has been called into question, suggesting that results may be flawed from 
the point of calibration. Despite small discrepancies this study, among others, has 
informed the revision of Department of Health guidelines for the decontamination of 
surgical instruments via the inclusion in the recently updated HTM 01-01 of a 
quantitative target of 5 μg (BSA equivalent) of protein per side of an instrument 
following washing. In keeping with the type of instrument analysed in the pilot study, 
a study into the cleanliness of single-use instruments straight from the packet from 
other manufacturers was carried out. The results showed that of the manufacturers 
surveyed, protein contamination decreased in the order Qasco > DMI > Instrapac 
with the average amount of protein per instrument for each manufacturer at 19.4, 
16.5 and 11.4 μg respectively, indicating that ready-for-use, single use instruments 
are contaminated with protein levels comparable to that of reprocessed, re-useable 
instruments. This reveals the marked variation in standards between manufacturers 
and, combined with insight into manufacturing processes and standards, gives 
insight into the manner of protein transfer. As protective wear such as gloves and 
masks can be rare in some surgical instrument factories, biological contamination 
can be easily transferred from bare hands, drips of sweat, a sneeze, etc. For those 
instruments analysed from Qasco, DMI and Instrapac only 13% of instruments would 
have passed inspection under the new HTM 01-01 guidelines. This is compounded 
by the fact that hotspot values were 10 times higher than the averaged contamination 
over the surface of the instrument suggesting that an additional, hotspot threshold 
should be included to further reduce the risk of infection transmission and improve 
quality control. The addition of a threshold value in the HTM 01-01 necessitates the 
introduction of protein detection and quantification systems into SSDs, therefore, 









3.5. Future Work 
 
With such large amounts of protein found on ready-to-use single-use instruments it 
would be interesting to establish the cleanliness of re-useable instruments before 
their first use, although the standard of manufacture is much higher for re-usable 
instruments. It would also be pertinent to compare the cleanliness of manufacture 
between re-useable instrument suppliers to further establish discrepancies in 
procedures used to produce surgical instruments. Moreover, a comprehensive 
comparison of instruments obtained from different SSDs would highlight differences 
in the quality of procedures used to decontaminate re-useable instruments. Current 
studies have focused on a single instrument type, therefore, it would be pertinent to 
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Appendix 3.1: Detailed Results from Measurements of 
Protein Contamination on Single-use Instruments 






















Upper 7016.54 17.03 3.36 102.3 20.2 
14.47 17.35 3.43 




















Upper 7750.63 18.28 3.61 218.8 43.2 
13.21 16.33 3.23 




















Upper 7638.91 18.59 3.67 113.2 22.4 
14.52 16.61 3.28 




















Upper 9951.05 22.46 4.44 217.5 43.0 
17.74 19.85 3.92 




















Upper 13372.50 25.62 5.06 184.8 36.5 
23.66 22.73 4.49 




















Upper 11284.32 21.70 4.29 101.0 20.0 
23.33 22.26 4.40 




















Upper 9545.86 18.79 3.71 179.6 35.5 
18.63 18.52 3.66 
Lower 9013.09 18.10 3.58 79.2 15.6 
Q8F 
























Upper 9410.14 19.01 3.76 85.8 16.9 
19.15 19.25 3.80 




















Upper 9913.91 18.60 3.67 149.9 29.6 
19.49 19.65 3.88 




















Upper 10785.42 20.70 4.09 520.0 102.7 
20.37 19.57 3.87 




















Upper 10970.62 21.10 4.17 114.1 22.5 
22.13 21.21 4.19 




















Upper 10000.20 19.38 3.83 171.3 33.8 
20.64 20.27 4.00 




















Upper 8401.4 17.4 3.4 73.1 14.4 
16.5 17.1 3.4 




















Upper 6962.7 14.8 2.9 52.2 10.3 
13.8 14.6 2.9 




















Upper 8124.0 17.6 3.5 110.6 21.9 
16.0 17.2 3.4 




















Upper 19052.6 37.1 7.3 536.5 106.0 
35.1 34.6 6.8 

























Upper 16073.2 31.7 6.3 358.0 70.7 
29.0 29.4 5.8 




















Upper 9571.4 19.4 3.8 127.2 25.1 
18.8 19.1 3.8 




















Upper 16291.3 32.3 6.4 531.2 104.9 
29.3 29.4 5.8 




















Upper 9583.9 21.2 4.2 367.2 72.5 
22.6 24.2 4.8 




















Upper 7031.6 17.5 3.5 140.3 27.7 
15.1 17.9 3.5 




















Upper 7511.5 19.0 3.8 110.2 21.8 
15.9 18.3 3.6 




















Upper 7511.5 17.7 3.5 91.0 18.0 
14.4 16.8 3.3 




















Upper 7616.3 17.4 3.4 163.4 32.3 
15.4 17.5 3.5 




















Upper 7985.9 17.4 3.4 94.5 18.7 
15.9 17.2 3.4 


























Upper 5664.8 14.0 2.8 52.2 10.3 
11.1 13.7 2.7 




















Upper 5526.2 13.7 2.7 45.2 8.9 
11.4 14.0 2.8 




















Upper 5719.0 13.5 2.7 139.9 27.6 
10.9 13.2 2.6 




















Upper 5025.3 12.8 2.5 53.9 10.6 
11.0 13.9 2.8 




















Upper 6885.3 15.7 3.1 66.6 13.1 
14.9 17.0 3.3 




















Upper 5942.9 14.7 2.9 48.7 9.6 
12.4 15.2 3.0 




















Upper 11996.8 25.0 4.9 238.5 47.1 
20.2 22.1 4.4 




















Upper 15827.6 31.5 6.2 361.9 71.5 
25.8 26.1 5.2 
Lower 9969.7 20.6 4.1 111.5 22.0 
B9F 
























Upper 8804.1 19.2 3.8 151.2 29.9 
17.8 19.4 3.8 




















Upper 8311.8 17.5 3.4 89.2 17.6 
26.7 26.9 5.3 




















Upper 17423.4 33.9 6.7 406.4 80.3 
24.6 25.5 5.0 




















Upper 7461.5 16.9 3.3 90.6 17.9 
17.6 19.2 3.8 




















Upper 9730.8 20.1 4.0 253.3 50.0 
17.6 18.5 3.7 




















Upper 10063.7 20.8 4.1 110.2 21.8 
18.4 19.2 3.8 




















Upper 6472.2 15.4 3.1 41.7 8.2 
14.1 16.7 3.3 




















Upper 9327.0 19.8 3.9 136.4 26.9 
17.9 19.1 3.8 




















Upper 8304.9 18.1 3.6 62.2 12.3 
15.2 17.3 3.4 

























Upper 19608.3 38.9 7.7 541.3 106.9 
27.7 29.7 5.9 




















Upper 12192.4 25.4 5.0 179.6 35.5 
22.0 23.6 4.7 




















Upper 9264.5 19.9 3.9 136.4 26.9 
17.8 19.2 3.8 




















Upper 4556.9 12.5 2.5 58.7 11.6 
9.4 12.3 2.4 




















Upper 5160.6 14.8 2.9 52.6 10.4 
10.9 13.6 2.7 




















Upper 5160.6 13.5 2.7 61.8 12.2 
10.6 13.2 2.6 




















Upper 7088.5 17.4 3.4 84.4 16.7 
14.4 17.2 3.4 




















Upper 6071.3 14.6 2.9 101.9 20.1 
13.0 15.5 3.1 






























Upper 3203.4 10.5 2.1 36.0 7.1 
6.3 10.8 2.1 




















Upper 7284.3 21.1 4.2 287.8 56.8 
9.9 15.9 3.1 




















Upper 4496.0 11.9 2.3 36.5 7.2 
8.4 11.6 2.3 




















Upper 5332.3 14.0 2.8 124.1 24.5 
9.7 13.1 2.6 




















Upper 6051.5 14.5 2.9 37.3 7.4 
11.7 14.1 2.8 




















Upper 8592.8 19.6 3.9 185.7 36.7 
15.3 18.6 3.7 




















Upper 11389.2 26.8 5.3 545.2 107.7 
18.3 21.8 4.3 




















Upper 4945.0 13.0 2.6 62.6 12.4 
16.5 21.7 4.3 
Lower 11567.5 30.4 6.0 539.1 106.5 
I9F 
























Upper 5937.8 16.3 3.2 187.8 37.1 
10.0 14.2 2.8 




















Upper 5582.1 13.6 2.7 42.6 8.4 
17.6 19.8 3.9 




















Upper 5216.8 13.4 2.7 51.7 10.2 
15.4 18.2 3.6 




















Upper 6673.7 16.4 3.2 176.5 34.9 
14.1 17.5 3.5 




















Upper 4059.7 12.8 2.5 80.1 15.8 
8.3 13.7 2.7 




















Upper 4062.2 12.5 2.5 138.5 27.4 
7.8 11.9 2.3 




















Upper 9864.4 22.0 4.3 250.2 49.4 
14.6 17.6 3.5 




















Upper 6032.8 15.7 3.1 186.1 36.8 
10.9 14.6 2.9 




















Upper 9494.3 20.6 4.1 111.9 22.1 
17.4 19.2 3.8 

























Upper 6682.4 16.1 3.2 73.1 14.4 
13.5 16.5 3.3 




















Upper 3790.1 12.2 2.4 52.2 10.3 
8.1 12.6 2.5 




















Upper 3984.0 12.0 2.4 45.2 8.9 
8.5 12.5 2.5 




















Upper 3313.0 11.2 2.2 70.5 13.9 
6.6 11.0 2.2 




















Upper 2367.2 15.0 3.0 153.8 30.4 
8.4 13.2 2.6 




















Upper 2367.2 10.6 2.1 26.4 5.2 
6.1 12.3 2.4 




















Upper 5339.6 13.0 2.6 77.9 15.4 
10.4 12.8 2.5 




















Upper 5302.7 14.3 2.8 92.7 18.3 
11.2 14.9 2.9 











Appendix 3.2: Occurrence of Hotspots on 
Instruments Acquired from Qasco, DMI and Instrapac 
 
 
Table A3d. Comparison of hotspot values for each area scanned with the maximum hotspot 
for each instrument highlight 
Instrument 
Hotspot (ng) 
DH DT UH UT 
Q1F 45.2 170.8 45.2 102.3 
Q2F 51.7 87.1 50 218.8 
Q3F 60 116.7 50.4 113.2 
Q4F 50.8 93.6 62.2 217.5 
Q5F 61.3 81.8 73.1 184.8 
Q6F 85.8 109.3 74 101 
Q7F 62.6 79.2 54.3 179.6 
Q8F 94.9 75.7 85.8 53.9 
Q9F 64.4 145.1 149.9 62.2 
Q10F 104.5 68.7 67 110.6 
Q11F 96.2 120.2 34.6 114.1 
Q12F 108.9 60.9 54.3 171.3 
Q13F 104.1 55.2 59.1 73.1 
Q14F 29.5 40.4 52.2 39.5 
Q15F 40.4 75.3 49.5 110.6 
Q16L 541.3 277.3 331 536.5 
Q17L 420.8 340.6 358 274.2 
Q18L 106.3 95.8 127.2 61.8 
Q19L 527.7 55.6 531.2 217.5 
Q20L 539.9 217.1 87.9 367.2 
Q21L 63.9 130.7 140.3 72.7 
Q22L 122.8 83.6 68.7 110.2 
Q23L 96.2 63.9 38.6 91 
Q24L 118 108 46 163.4 
Q25L 54.3 56.5 94.5 51.3 
Occurrence of hotspot 7 5 5 8 
B1F 33.8 46.9 45.2 52.2 
B2F 132.9 59.1 27.7 45.2 
B3F 44.7 40.4 58.3 139.9 






B5F 96.2 85.8 66.6 57.8 
B6F 67.4 78.8 41.7 48.7 
B7F 69.2 174.8 238.5 191.3 
B8F 65.2 111.5 361.9 257.2 
B9F 259.8 23.4 86.2 151.2 
B10F 544.3 538.6 88.4 89.2 
B11F 40.4 82.7 406.4 326.6 
B12F 335.8 185.2 90.6 41.7 
B13F 54.3 60.4 253.3 45.6 
B14F 78.8 33.4 110.2 46.9 
B15F 52.2 150.3 39.9 41.7 
B16L 54.8 64.8 95.4 136.4 
B17L 87.9 70 48.7 62.2 
B18L 75.3 159.9 541.3 266.4 
B19L 148.6 83.6 176.1 179.6 
B20L 54.8 64.8 95.4 136.4 
B21L 59.1 22.5 58.7 30.3 
B22L 166.9 25.5 52.6 31.7 
B23L 57.8 29.5 39.9 61.8 
B24L 77.5 34.7 68.3 84.4 
B25L 74.8 59.6 101.9 40.8 
Occurrence of hotspot 9 2 7 7 
I1F 52.6 19.4 36 19 
I2F 15.9 17.3 23.8 287.8 
I3F 20.3 123.7 36.5 33.4 
I4F 39.9 71.8 34.7 124.1 
I5F 43.4 44.3 37.3 32.5 
I6F 88.4 105.4 185.7 68.3 
I7F 137.2 85.8 483.7 545.2 
I8F 516.4 539.1 62.6 46.9 
I9F 60 41.2 187.8 118 
I10F 215.3 291.3 42.6 33 
I11F 123.7 138.1 50 51.7 
I12F 137.2 92.7 176.5 75.3 
I13F 36.9 46.9 61.8 80.1 
I14F 30.3 29.9 138.5 26.9 
I15F 26.4 50.8 250.2 74.4 






I17L 149.5 89.2 111.9 102.8 
I18L 40.8 85.3 73.1 46 
I19L 53 50 27.7 52.2 
I20L 59.1 57.8 26.9 45.2 
I21L 41.2 38.6 70.5 37.3 
I22L 87.5 45.6 153.8 78.8 
I23L 110.6 145.1 26.4 18.6 
I24L 74.4 23.8 77.9 42.6 
I25L 76.2 65.7 92.7 55.6 













Tryptophan (Trp) fluorescence has been used extensively to characterise the 
microenvironment of proteins and the direct environment of tryptophan within 
proteins1,2. Information gained via fluorescence analysis of Trp gives insight into 
protein structure and dynamics, protein-protein/protein-DNA interactions and 
protein environment. Moreover, Trp fluorescence can be used to monitor the effect of 
UV exposure on proteins as its fluorescence characteristics change under light 
stress3-10. The effect of UV exposure on proteins is a vital area of research as protein 
photo-damage has been implicated in a variety of age-related maladies. 
 
4.1.1 Tryptophan Photochemistry  
 
Trp has been well characterised as a probe for protein structure, dynamics and 
interactions, moreover, photo-degradation products of Trp are becoming a popular 
diagnostic tool for protein photo-damage. The photo-degradation of Trp has been 
shown to produce a multitude of photoproducts as shown in Figure 4.1a. There are 
two main processes by which Trp is converted to these photoproducts which are 
known as type I and type II photo-oxidation4,9-12, although Trp is most likely 
converted via the type II reaction10. In Type II photo-oxidation excited state 
photosensitizers such as N-formylkynurenine (NFK), which are produced during 
enzymatic Trp metabolism as well as during Trp photo-oxidation, or even Trp itself, 
transfer their energy to ground state molecular oxygen9,10,13. This produces excited 






Figure 4.1a. Photoproducts of Trp. The predominant products are highlighted in red10  
 
The most predominant photo-oxidation products of Trp are NFK, kynurenine and 3-
hydroxykynurenine (3OHK) which are known as kynurenine-related Trp derivatives 
(KRTDs). Over time, Trp is converted into these intermediates upon irradiation; this 
can be observed visually as a colourless solution of Trp will eventually turn yellow 
when left in the sun10 and yellow is the colour attributed to NFK, kynurenine and 3-
OHK8-9,13. Moreover, the photo-oxidation of Trp to NFK was recently shown, via 
fluorescence analysis, to occur in solutions of human serum albumin (HSA) in the 
presence of a sensitizer14. The fluorescence spectral characteristics of NFK and 
kynurenine show that the peak emission wavelengths for NFK and kynurenine are at 
420nm and 435nm, respectively, as shown in Figure 4.1b (bottom left and right)9. 
The photo-oxidation of Trp has been observed in a variety of protein systems and has 
implications in cataracts and the photo-yellowing of wool and hair. Moreover, the 
presence of KRTDs is used as an indicator of oxidative stress15,16. It should be noted 
that, although kynurenine emits at 435 nm in solution, in the solid state kynurenine 








Figure 4.1b. Top - Absorption spectra of Trp, NFK and kynurenine15, Bottom - Emission 
characteristics of NFK (left) and kynurenine (right) in solution9 
 
4.1.2  Tryptophan Oxidation in Proteins 
 
Trp photo-oxidation in proteins occurs over time, especially in those proteins which 
are regularly exposed to light, as they have evolved to resist the effects of UV 
exposure. However, Trp photo-oxidation plays a significant role in the formation of 








The proteins present in eye lenses are produced during embryonic development, 
experiencing a low turnover throughout life3,4. Consequently, these proteins, namely 
crystallins, boast efficient UV protection pathways; however, as a large proportion of 
these proteins are the same age as the individual, time takes its toll. It has been 
proposed that protein structural changes caused by Trp photo-degradation is one of 
the main causes of age-related cataracts in humans and higher mammals3-5,17. 
Crystallins are essential to the conservation of lens transparency3 and must stay 
soluble to maintain their function. However, UV-induced production of KRTDs, which 
can react with these crystallins to form insoluble aggregates, results in clouding of 
the lens. This process begins with increased, long-wavelength fluorescence as KRTDs 
build up in the lens and is followed by visible yellowing, from here the accumulation 
of protein damage causes denaturation of chaperone proteins, cross-linking and 
aggregation of crystallins resulting in clouding of the lens. See Chapter 5 for more 
detail on crystallins and cataracts. 
 
Photo-yellowing of Wool and UV-Damaged Hair 
The photo-yellowing and weakening of wool has been attributed to Trp photo-
oxidation in the keratin fibres of which wool is composed. As indicated above, several 
Trp photoproducts, such as kynurenine, are yellow in colour12,10 suggesting that it is 
these species that contribute to the photo-yellowing of wool. It has been shown that 
converting Trp residues to oxindolylalanine reduces the degree of yellowing in 
irradiated wool10, reinforcing the view that Trp photo-products are the main 
contributor to the yellowing of wool. The conversion of Trp to its photoproducts is 
also a problem in hair strands. Although pigments in the outer cuticle of hair protect 
the inner keratin cortex from UV light, over time the pigments become degraded or 
bleached9. Following this, light is able to penetrate the cuticle and degrade the 
keratin within; this light exposure has been found to produce significant loss of Trp9. 
Pande and Jachowicz7 found that there is a significant difference between the 
emission characteristics of the tip and root of a hair strand9 i.e. the oldest and 
youngest parts of the strand. It was shown that the tip was void of a Trp peak with 
increased emission around 460nm, whereas the root showed a strong Trp emission 
peak. Moreover, irradiation of yak hair showed a decrease in Trp emission intensity 
with time. Longo et al7 also showed this trend when irradiating human hair. 
Additionally, the spectral characteristics of the photoproducts formed upon the loss 






4.1.3 Protein on Stainless Steel Surfaces 
 
One of the main objectives of this project was to establish a method for intrinsic 
detection of protein adsorbed onto stainless steel and to do so, the way in which 
proteins interact with stainless steel surfaces must be understood. Protein 
adsorption onto solid surfaces is a common process which is a well-known problem 
in the food industry and numerous factors influence the degree of adsorption e.g. net 
charge, protein size and temperature. Adsorption is protein-dependent18-20 and is 
mainly governed by an increase in entropy achieved when surface water and salt are 
lost and the protein structure rearranges20,21. This dependency comes down to the 
considerable differences between proteins which determine the response of a protein 
to external parameters.  
 
Proteins tend to rearrange as the solvent shell evaporates and they begin to adsorb 
onto the surface; this adjustment of conformation can mean that proteins have more 
than one bound state20. Generally, proteins adsorb most efficiently at their isoelectric 
points, however, ionic strength can play a significant role. Fukuzaki et al18 have 
shown that an increase in ionic strength from 10-3 to 10-1 resulted in the adsorbed 
amount of BSA increasing from 2.5 mg m-2 to over 15 mg m-2. The effect of 
temperature is also a factor and it was found that in the range of 40-80 °C the amount 
protein adsorbed increased from 2 mg m-2 to 14 mg m-2. It has also been shown that 
the ions present in a protein solution can affect the extent of adsorption. A study by 
Poleunis et al using time-of-flight secondary-ion mass spectrometry (ToF-SIMS) has 
shown that the metal constituent of salts in solution form particles at the steel 
surface and that, in the case of BSA, protein bound preferentially around these 
spots22. Moreover, the type of metal influenced BSA adsorption with NaCl/CaCl 
mixtures giving weak BSA signals and NaCl/MgCl giving significantly higher BSA 
signals. The susceptibility of proteins to their external environment would 
theoretically allow for controlled desorption of proteins from stainless steel surfaces 
under optimised conditions, however, even extreme conditions do not remove all 
adsorbed protein. It has been observed that treatment with strong surfactants such 
as sodium dodecyl sulfate and high temperatures of 200 °C far from remove adsorbed 
protein23.  
 
Although there is some literature on the fluorescence characteristics of protein 
adsorbed onto stainless steel, it is scarce. This chapter aims to elucidate the emission 






steel. The proteins studied were the serum proteins bovine serum albumin (BSA), 
bovine fibrinogen (BFG) and bovine γ-globilins, hen egg white lysozyme and bovine 
α- and γ-crystallins. Their structure and function are described in Chapter 1. 
 
 
4.2 Materials and Methods 
 
4.2.1 Materials and Sample Preparation 
 
Solid state samples of tryptophan, kynurenine, BSA, Fibrinogen, γ-Globulin, 
Lysozyme, α-crystallin and γ-crystallin were acquired from Sigma-Aldrich and stored 
in accordance with manufacturer’s instructions. 
 
4.2.2 Solution State Analysis 
 
Stock protein samples were prepared by dissolving crystalline protein in de-ionised 
water at a concentration of 3 mg/ml; 3 ml aliquots of stock solution were frozen for 
each protein analysed. For analysis, aliquots were defrosted in a fridge and the 
solution diluted with de-ionised water accordingly. 
 
4.2.3 Solid State Analysis 
 
For steady-state analysis protein crystals were mounted on to double sided, non-
fluorescent, adhesive carbon tape (Agar scientific) – often used for SEM and EDX 
applications - fixed to a glass slide. Optical fibres, coupled to the fluorescence 
spectrometer, were arranged as shown in Figure 4.2a (top).  The same optical set-up 
was used for the steady state analysis of protein adsorbed onto stainless 316L 







Figure 4.2a. Top - Protein crystal fixed to non-fluorescent tape with optical fibres positioned 
above for steady state analysis, Middle – Image of set-up within the sample chamber for the 
measurement of solid state fluorescence lifetimes, Bottom – Time-resolved set-up showing 
path of light 
 
Samples for time resolved analysis were prepared correspondingly and mounted into 
the sample chamber (Figure 4.2a middle and bottom). The slide mounted sample was 
held in a plate filter holder and secured in–line with the emission aperture. A 310 nm 






reached the detector. Excitation light from the laser was direct through the centre of 
the excitation aperture onto the first of two aluminium mirrors with 85% reflectance 
efficiency. Mirror 1 was manoeuvred to direct the excitation light onto mirror 2 which 
was manoeuvred to direct the light onto the sample. The sample position was 
optimised to give a strong signal and neutral density filters were used to reduce the 
signal intensity to 10 000 counts for the lifetime acquisition for each sample. The 
excitation wavelength for all lifetime measurements was 282 nm and the detection 
wavelength was 340 nm for all of the protein analysed in this study, excluding BSA. 
During BSA analysis it was possible to collect a suitable IRF, however, limitations of 
the set-up used meant that this was not the case for the other proteins. BSA lifetimes 
represent a global fit between 330, 340 and 350 nm emission wavelengths. Lifetime 
acquisition took approximately 8 minutes for each emission wavelength. The 
exposure of crystalline samples to excitation light on the timescale of the 
measurement lead to a slight decrease of approximately 1000 to 2000 counts for each 
sample due to photo-degradation of Trp residues. In the case of BSA a decrease of 
approximately 4000 counts was observed. 
 
4.2.4 Irradiation of Samples 
 
Samples were irradiated using the optical set-up shown in Figure 4.2a (top) with the 
fibres coupled to the fluorescence spectrometer. The desired irradiation wavelength 
was set and the excitation slit opened to 5 nm while the emission slit remained 
closed. Samples were irradiated for 60 minutes at each irradiation wavelength. Both 
the sample and apparatus remained in place throughout the sequential photo-
bleaching and analysis process. 
 
4.2.5 Eggometer MK2 
 
The Eggometer system, which was designed, built and developed within the Jones 
group for another project, consists of two measurement arms contained within a 
robust metal enclosure. One arm measures reflectance via an ocean optics fibre 
reflectance probe, the other performs an epi-fluorescence measurement on a sample. 
The reflectance arm was not used in this work. 
 
The fluorescence arm of the Eggometer comprises of an Ocean Optics 290nm LED 






detection, which are linked to a dichroic cube (Thorlabs CM1-DCH/M) containing a 
Semrock long pass dichroic mirror with a cut-off at 310 nm (Semrock FF310-Di01-
25x36).  The LED is coupled to the cube via a 600 um core Ocean Optics optical fibre 
connected to a lens holder which contains a collimating lens. The excitation light is 
reflected by the dichroic up to the sample surface through the top of the main 
chamber.  Returning fluorescence from the sample passes through the dichroic and 
is collected by a second lens into a 600um core fibre where it is guided to the 
spectrometer. There is a further filter on the excitation side of the dichroic cube to 
limit the broad spectrum of the LED to below the emission spectrum of Trp. The 
details of the system are illustrated in the schematic in Figure 4.2b. 
 
All of the optical components are placed below the sample making for rapid easy 
sample placement above the dichroic cube, the system is shown below measuring an 
awkward sample, a chicken egg, with the main components highlighted. A Matlab 
program was written to integrate with the spectrometers to record spectra and 
perform any necessary calculations. To set the correct integration time for the 
spectrometer a sample is placed above the dichroic cube and the integration time 
adjusted to maximize signal whilst avoiding saturation which occurs at 55000 
Figure 4.2b. Block diagram of the Eggometer MK2 system – only the fluorescence arm 







counts. The sample is then removed and a background spectrum is recorded with 
the instrument lid closed. This is then subtracted by software from any subsequent 
measurements. Disks loaded with varying amounts of protein were fixed onto non-
fluorescent tape adhered to a glass slide and the slide placed face down on the 
excitation aperture for analysis.  
 
 
4.3 Results and Discussion 
    
4.3.1 Investigation of photo-oxidation in BSA 
 
Analysis of proteins in the solid state began with the investigation of photo-oxidation 
in BSA. Although analysis of the literature supports that the long wavelength 
emission observed from BSA (Chapter 3) can be attributed to NFK and kynurenine, 
confirmation is essential to understanding the fluorescence observed from other 
proteins in the solid state. To confirm the underlying process that occurs upon 
irradiating BSA, an irradiation study was carried out. A single BSA crystal was 
irradiated sequentially at 290 nm, 320 nm and 360 nm for 60 minutes and an EEM 
recorded before irradiation and after irradiation at each wavelength. Figure 4.3a 
shows how the fluorescence characteristics of a BSA crystal changes with irradiation. 
    







Before irradiation a strong Trp emission at 340 nm is observed, with an excitation 
maximum around 290 nm, as well as some long-wavelength emission around 425 
nm, with an excitation maximum around 360 nm. The presence of the long-
wavelength emission indicates that some photo-degradation of the Trp had already 
occurred, prior to these experiments. Following irradiation at 290 nm, the absorption 
maximum for Trp, emission intensity at 340 nm fell by 51% and a 5% increase in 
emission intensity at 425 nm was observed, indicating the conversion of Trp to NFK.  































































































































































Figure 4.3a. Change in emission characteristics for a BSA crystal irradiated at 290 nm, 320 







The decrease in Trp emission intensity on irradiation greatly exceeds the observed 
increase in NFK emission. This suggests that the fluorescence quantum yield of the 
Trp that is destroyed is much greater than that of the NFK that is formed. However, 
it may also indicate the formation of non-fluorescent photoproducts that are not 
apparent in these measurements.  
 
To confirm the formation of NFK, the crystal was irradiated at the absorption 
maximum for NFK, 320nm, which induced a decrease in emission intensity at 420 
nm and a shift of the long wavelength emission to 435 nm. These observations 
suggest that a proportion of the NFK originally present, as well as that produced 
during irradiation at 290 nm was converted to kynurenine. Further confirmation was 
achieved by irradiating the crystal at the absorption maximum for kynurenine, 360 
nm, and observing the bleaching of the long wavelength emission. Upon oxidation, 
kynurenine is converted to 3OHK which has an extremely low quantum yield24, 
suggesting that irradiation at 360 nm resulted in conversion of kynurenine to 3OHK. 
 
As is evident, irradiation of a BSA crystal results in the following photo 
transformation Trp > NFK > kynurenine > 3OHK. The interaction of singlet oxygen 
with BSA in solution under sensitized conditions has been shown by Gimenez et al25 
to result in the conversion of Trp residues to NFK with the exposed Trp 134 
preferentially oxidized over the buried Trp 213. This is unsurprising as exposed 
residues will come into contact with more singlet oxygen (1O2), however, modelling of 
BSA interacting with 1O2 revealed that 1O2 can diffuse into the BSA structure towards 
buried residues such as Trp 213, aided by highly hydrophobic surrounding residues. 
It is proposed that initiation of the reaction in the solid state occurs via direct radical 
production associated with Type I photo-oxidation, and that the reaction propagates 
via Type II photo-oxidation. Type I photo-oxidation occurs when Trp absorbs incident 
light to create excited states or radicals which can then go on to react intrinsically or 
with nearby residues. As a consequence of this photochemistry and its effect on Trp 
fluorescence, it is clear that BSA is not suitable for use as a calibration standard for 
the intrinsic fluorescence of surface-bound protein. To determine whether a suitable 
standard for the intrinsic detection of protein could be found, other possible protein 










4.3.2 Fluorescence Characterisation and Irradiation of Fibrinogen, γ-
Globulins and Lysozyme 
 
The serum proteins fibrinogen (BFG) and γ-globulins are concentrated in the blood 
and are highly likely to be present on re-usable surgical instruments; making them 
promising candidates as fluorescence standards. Another candidate comes in the 
form of lysozyme which is commonly used in assays and is known as the ‘physicist’s 




Due to the size of BFG it is highly likely that it will make up a considerable proportion 
of proteinaceous contamination remaining on reprocessed surgical instruments. BFG 
differs greatly from BSA in its Trp content, containing a very large number of Trp 
residues, 72. Figure 4.3b shows the emission characteristics of BFG in the solid state, 
showing that emission is dominated by Trp fluorescence at 345 nm with no long 
wavelength emission, unlike BSA which showed some NFK emission prior to 
irradiation. This suggests that BFG may be more photo-stable, with respect to Trp 
photo-oxidation, than BSA, however, irradiation studies were carried out to 
determine the effect of UV exposure on Trp emission. 
 




































Irradiation at 290 nm induced a large, 62% decrease in Trp emission intensity at 345 
nm, however, no long-wavelength emission emerged (Figure 4.3c). Subsequent 
sequential irradiation at 320 nm and 360 nm produced no further significant 
decrease in Trp fluorescence (Table 4.1) and no measureable change in long 
wavelength emission. The small decrease in Trp emission intensity following 320 nm 
irradiation may be due to weak absorption in the long-wavelength tail of the Trp 
absorption spectrum. However, the small effect of irradiation at 360 nm cannot be 
due to absorption by Trp and suggests some indirect effect on Trp fluorescence as a 
result of photochemistry of a non-fluorescent photoproduct that absorbs at this 
wavelength.  Although no long-wavelength emission was evident in the EEMs, when 
emission spectra were analysed individually a small change in spectral position was 
observed (Figure 4.3d). Following irradiation, the peak emission intensity shifts from 
345 nm to 350 nm. As mentioned in the introduction, Trp emission is red-shifted 
with increasing polarity. This suggests that the Trp residues that are resistant to 
photo-bleaching in BFG are present in a more polar environment than those that are 
destroyed. Additionally, the observed shift may be partly due to the creation of a  
Table 4.1: Percentage decrease in Trp emission intensity for BFG, γ-globulins, lysozyme, α-
crystallin and γ-crystallin following sequential irradiation at 290 nm, 320 nm and 360 nm, for 60 
minutes at each wavelength 
Protein 
Decrease in emission intensity (%) 
290 nm 320 nm 360 nm 
BSA 49 50 61 
Fibrinogen 62 69 74 
γ-Globulins 30 34 37 
Lysozyme 36 44 51 
α-Crystallin 54 58 53 
γ-Crystallin 60 64 66 























































































Figure 4.3c. EEM for the irradiation series of a BFG crystal Left - EEM following 290 nm 
irradiation, Middle - EEM following 320 nm irradiation and Right - EEM following 360 nm 






small population of NFK and kynurenine resulting in a red-shift of the summed 
emission from all fluorophores present. However, analysis of individual spectra 
excited at 320 nm and 360 nm (data not shown) show a negligible change in emission 
intensity with irradiation, suggesting that photo-oxidation of Trp to NFK and 
kynurenine is not the dominant process occurring upon irradiation of BFG. The 
photobleaching observed here can likely be attributed to photo-ionisation of Trp26. 
UV irradiation below 300 nm is known to ionise Trp to the Trp cation27-29. The Trp 
cation can be reduced by electron back-transfer, in which case photo-ionisation is 
merely a reversible quenching process, or it can be deprotonated to yield a Trp radical 
which can undergo further irreversible reactions with other residues, resulting in 
photo-bleaching. Although much less widely reported than photo-oxidation, Trp 
photo-ionisation has been observed previously to be a mechanism of photo-bleaching 
of intrinsic protein fluorescence (in solution). 
 
Although a significant fraction of the Trp residues in BFG are susceptible to photo-
bleaching, photo-oxidation does not appear to occur on a measurable scale. 
Moreover, the photo-bleaching is sufficiently slow that on the timescale of the 
measurement of an emission spectrum (approx. 2.5 minutes) emission intensity at 
345 nm was not appreciably affected. These observations suggest that BFG may be 
a suitable candidate as a standard for the intrinsic detection of protein on steel.  
 























 290 nm irradiation
 320 nm irradiation
 360 nm irradiation
Figure 4.3d. Change in position and shape of emission spectrum for a BFG crystal excited 
at 290 nm (black), following irradiation at 290 nm (red), following irradiation at 320 nm 







Lysozyme and γ-Globulins 
Lysozyme is more comparable in Trp content to BSA, containing 6 Trp residues, 
whereas γ-globulins contain a range of Trp quantities. These proteins showed similar 
behaviour to BFG upon irradiation. No long-wavelength emission was observed 
before irradiation and substantial photo-bleaching was induced by irradiation at 290 
nm, causing a ~30% decrease in Trp emission intensity at 340 nm (Table 4.1); no 
emission intensity was observed a longer wavelengths, although there was a slight 
shift in Trp emission wavelength, as seen for BFG. As with BFG, subsequent 
irradiation at 320 nm and 360 nm produced a further small decrease in emission 
intensity. The timescale of photo-bleaching was such that there was negligible change 
in Trp emission intensity during the time taken to measure an emission spectrum 
(approx. 2.5 minutes). The similarity in fluorescence changes compared with BFG 
suggest that a similar photochemical process occurs in all of these proteins. Although 
emission intensity decreases significantly following irradiation of lysozyme and γ-
globulins, the fractional decrease in intensity is only approximately half that observed 
for BFG. This suggests that a smaller fraction of the Trp residues are susceptible to 
photo-ionisation and/or those residues that are not susceptible to photo-bleaching 
display a higher quantum yield. The similarity in fluorescence changes compared 
with BFG suggest that a similar process occurs in all of these proteins. This is 
corroborated by the observed shift in Trp emission wavelength following irradiation 
of lysozyme and γ-globulins. These observations are upheld by the position of Trp 
residues in BFG, lysozyme and γ-globulins. As shown in Chapter 1, the majority of 
Trp residues found in these proteins are buried in the core of the protein structure 
and are therefore quenched and less likely to photo-ionise. 
 
These observations are promising as, although some Trp residues are susceptible to 
photo-bleaching following extensive irradiation, on the timescale of a single emission 
measurement there is little change in Trp emission intensity; making both γ-
globulins and lysozyme possible candidates for a fluorescence standard. 
 
Fluorescence Characterisation and Irradiation of Crystallins 
Crystallins are of particular interest in the present context as they are proteins which 
have evolved to resist photo-oxidation. Within the ocular lens, crystallins undergo 
extremely low metabolic turnover and those found in the centre of the lens are 
present from birth, however, protein damage does not become obvious until old age, 






are composed of A and B chains with 1 and 2 Trp residues respectively, and γ-
crystallins, which contain 4 or 5 Trp residues, showed that, once again, no long-
wavelength emission was observed before irradiation. Following irradiation at 290 
nm, emission intensity at 340 nm decreased by 54% for α-crystallin and 60% for γ-
crystallin (Table 4.1). Subsequent irradiation at 320 nm and 360 nm caused 
negligible changes in emission intensity at 340 nm.  A slight red-shift of the emission 
spectra also occurred on irradiation, as was observed for BFG, lysozyme and γ-
globulins. It is notable that Trp in these crystallin proteins, although apparently 
resistant to photo-oxidation, undergoes photo-bleaching, attributed to photo-
ionisation, on a short timescale, under the present experimental conditions. This 
photo-degradation process does not occur in the lens, implying that photo-ionisation 
of Trp either does not occur or is reversible under the prevailing physiological 
conditions. This observation may be explained by work from Chen et al3 which shows 
that in γD-crystallin Trp residues are protected via energy transfer between residues 
followed by electron transfer to the protein backbone. In γD-crystallin, energy 
transfer is observed between two sets of paired proteins; Trp 130 to Trp 156 and Trp 
42 to Trp 68, therefore quenching the fluorescence of Trp 130 and Trp 42. This is 
followed by electron transfer from Trp 156 and Trp 68 to the protein backbone, 
therefore quenching the fluorescence of the remaining Trp residues. This serves to 
reduce the incidence of excited state reactions which could lead to covalent damage 
of the protein and such processes may contribute to the resistance of the other 
proteins studied to photo-oxidation. 
 
The positional dependency of Trp photo-bleaching within a protein (in anaerobic 
solution) has been studied by Pigault and Gerard30 and it was found that several 
factors are involved in this complex process. The most important element in the 
susceptibility of Trp residues to photo-bleaching was found to be the tertiary 
structure of the protein i.e. the polarity of Trp local environment. Generally, the more 
polar the environment, or the closer the Trp residue is to the surface of the protein, 
the more susceptible the residue is to photo-bleaching. This would suggest that the 
red shift in Trp emission observed following irradiation of the proteins analysed in 
this study is likely to be attributed to the creation of a small population of NFK and 
kynurenine or, perhaps, an effect of the products of Trp photo-ionisation, as the 
population of Trp residues remaining following irradiation are more likely to be found 
in a less polar environment to those that were bleached. To a far lesser extent the 
primary structure of the protein and the proximity of other amino acids due to the 






bleaching susceptibility, however, no specific amino acid sequences or spatial 
arrangements have been identified as deleterious. It should be noted that differences 
in Trp photo-bleaching in the solution and solid phase are little studied and a 
comprehensive investigation into the effect of Trp local environment in each state 
would prove useful in understanding the complexities of Trp photo-bleaching in 
proteins. 
 
4.3.3  Characterisation of Fibrinogen Fluorescence on Stainless Steel 
 
The aforementioned characterisation and irradiation of proteins relevant to the 
intrinsic detection of proteinaceous contamination on surgical instruments suggests 
that BFG, γ-globulins and lysozyme may be suitable candidates as reference 
standards. BFG is a very large protein, therefore it is likely to adsorb strongly to 
surfaces and be present on reusable surgical instruments following surgery. 
Moreover, the emission intensity of BFG is high due to the large Trp content and 
remains so even after UV exposure, therefore, BFG was taken forward for analysis 
on steel. The next step in determining the suitability of BFG as a standard was to 
characterise its fluorescence on a stainless steel surface. Figures 4.3e and f show the 




Figure 4.3e. Emission intensity as a function of time of an 8.8μM droplet of fibrinogen drying 
onto a stainless steel disc. A blank disk is shown in red 



















A significant decrease in emission intensity of, on average, 50% (Table 4.2) is 
observed as the protein dries and adsorbs on to the stainless steel surface. Upon 
adsorption, Trp fluorescence is quenched due to energy transfer from Trp to the 
stainless steel surface, this quenching can be observed as a function of time as water 
is lost from the droplet and the Trp residues interact more closely with the stainless 
steel surface. Such a degree of quenching poses a problem as the concentrations of 
protein found on surgical instruments, although high in terms of the transfer of 
disease, is low in terms of Trp detection. To establish the limit of detection of BFG, 
steel discs loaded with varying amounts of BFG were analysed using prototype 
instrumentation designed specifically to detect and measure Trp fluorescence.  
Table 4.2: Percentage decrease in emission intensity for droplets of decreasing concentration 
drying onto stainless steel 
Concentration Decrease in emission intensity(%) 
8.8 μM 77 
880 nM 54 
88 nM 46 
8 nM 49 
Figure 4.3f. Emission intensity as a function of time for a 880 nM (black), 88 nM (red), 8.8nM 





















Figure 4.3g shows the decrease in emission intensity as the amount of BFG loaded 
onto the discs decreases. Despite the quenching of Trp emission by the stainless steel 
surface, emission can be reliably observed down to 0.375 μM which equates to 200 
fmole mm-2 of BFG (14.5 pmole mm-2 of Trp). This is a promising result as the 
instrumentation used was designed to detect Trp from sources with stronger 
emission, therefore, further development would likely result in an even lower limit of 
detection, closer to that of the current EFScan system which is 0.15 femtomoles of 
BSA per mm2. These results suggest that intrinsic detection of protein adsorbed onto 
stainless steel is possible and, with further development of instrumentation, lower 
limits of detection are likely to be reached; whether or not these detection limits will 
be comparable to those achieved using FITC remains to be seen. 
 
 
4.3.4 Time Resolved Analysis of Protein Crystals and Protein Adsorbed 
Onto Stainless Steel 
 
To further understand the fluorescence characteristic described above, time-resolved 
measurements of BSA, Fb, lysozyme and γ-globulins crystals were carried out, in 
addition to the analysis of BFG adsorbed onto stainless steel. 

































BSA Crystal Before and After Irradiation 
 
The fluorescence decay of Trp in BSA was measured for a solution of BSA and for 
crystalline BSA before and after irradiation at 290 nm. The decay parameters are 
given in Table 4.3. 
 
 A-factors Lifetimes / ns 
<τ>/ns 
 A₁ A₂ A₃ A₄ τ ₁ τ ₂ τ ₃ τ ₄ 
Solution 0.21 0.20 0.26 0.34 0.10 0.79 2.8 6.3 3.0 
Crystal Before 
Irradiation 
0.45 0.13 0.29 0.13 0.06 0.70 2.1 4.4 1.3 
Crystal After 
Irradiation 
0.46 0.26 0.21 0.07 0.09 0.63 1.7 3.9 0.83 
Table 4.3. Fluorescence decay parameters for BSA in solution and for a BSA crystal before and 
after irradiation at 290 nm. <> is the average lifetime.  
 
As shown in Table 4.3, the Trp fluorescence decay in BSA, in all three systems, is 
best described by four exponential components with typical lifetimes of ~0.1 ns, ~0.7 
ns, ~2 ns and ~4 ns. This indicates that Trp experiences a wide range of quenching 
interactions, ranging from extremely quenched (1) to unquenched (4). In solution 
phase, the amplitudes (A factors) of or populations representing the four lifetime 
components are all similar in magnitude, indicating similar populations of the 
emitting Trp species in the different protein environments represented by the 
lifetimes. On going from solution to the crystalline state, the shortest and longest 
lifetimes decrease significantly, indicating that the change in phase causes a change 
in local environment of these Trp species that results in increased quenching. There 
is also a significant increase (by a factor of 2) of the population of the shortest lifetime 
component, suggesting a change in protein conformation on crystallisation that 
results in almost half the Trp population existing in a highly quenched environment. 
Following irradiation, the lifetime values do not vary significantly, however, there is 
marked decrease (by about 50%) in population of the longest lifetime component (A4). 
It is clear that irradiation induces the oxidation of those Trp residues which are the 
least quenched. These residues are likely to be Trp 134 which is exposed on the 
surface of the protein and will therefore be more accessible to oxidation. Moreover, 
their longer excited state lifetimes means that photochemical reactions can compete 
effectively with other non-radiative decay processes. There is also a noticeable 
decrease in the population of moderately quenched Trp (A3). This may be due to 






ionisation, as well as photo-oxidation, in BSA could account for the discrepancy 
between the large decrease in Trp fluorescence and the small increase in NFK 
fluorescence, observed in the steady-state measurements (section 4.1). 
 
Examination of the average lifetime indicates the effect of photo-degradation on the 
fluorescence quantum yield. The average lifetime decreases from 1.3 ns to 0.83 ns 
on irradiation, corresponding to a decrease in quantum yield (QY) of about 35%. The 
photo-bleaching of the fluorescence intensity is thus disproportionate to the number 
of Trp residues destroyed, since those residues with the highest QY are selectively 
photo-oxidised leaving behind a less fluorescent population.  
 
NB: Due to time constraints BSA was the only protein analysed before and after 
irradiation. Additionally, analysis of lifetime data at longer wavelengths (420/435 
nm), corresponding to NFK and kynurenine, was not possible for the same reason. 
 
Lysozyme and γ-Globulins Crystals 
 
The fluorescence decay parameters of lysozyme and γ-globulins, in solution and the 
crystalline state, are shown in in Table 4.4. (Measurements were not made on 
irradiated crystals because of lack of time).  
Table 4.4. Fluorescence decay parameters for lysozyme and γ-globulins, in solution and solid 
phase.  
 
The two proteins show rather similar decay parameters and, in both cases, there is 
no significant difference between solution-phase and solid-state decay properties. 
The decay parameters of these proteins differ significantly from those of BSA prior to 
irradiation in that they show only a very small fractional population (a few percent) 
of the longest lifetime, surface-exposed Trp species (most likely Trp 62 in lysozyme). 
This is consistent with the observed resistance of these proteins to Trp photo-
oxidation. It is interesting to note that the decay parameters of these proteins 
(unirradiated) resemble those of BSA after irradiation, that is to say that the photo-
 A-factors Lifetimes /ns 
 A₁ A₂ A₃ A₄ τ ₁ τ ₂ τ ₃ τ ₄ 
Lysozyme Solution 0.47 0.27 0.20 0.06 0.09 0.52 1.8 4.4 
Lysozyme Crystal 0.50 0.27 0.17 0.05 0.10 0.62 1.9 4.6 
γ-Globilins Solution 0.43 0.36 0.17 0.05 0.07 0.49 1.5 4.4 






oxidation-resistant Trp residues in all three proteins appear to exist in molecular 
environments where they experience similar quenching interactions. 
 
Fibrinogen Crystal and Fibrinogen on Stainless Steel 
As BFG is a potential candidate as a fluorescent standard for intrinsic protein 
detection its lifetime characteristics on the surface of stainless steel were also 
analysed. The fluorescence decay parameters of crystalline BFG and those of BFG 
deposited on stainless steel are given in Table 4.5. Unlike the other proteins, the 
fluorescence decay of Trp residues in crystalline BFG is best described by three 
exponential terms; the very short (< 0.1 ns) lifetime component is absent. The 
population of the longest lifetime component (A4) is much greater than in the other 
crystalline proteins, resulting in an average lifetime (and hence QY) that is twice that 
of crystalline BSA. Upon adsorption onto steel at a surface density of 0.4 nmole mm-
2 all lifetime values decrease and a fourth, shorter lifetime of 0.24 ns is observed, 
although this has a very small population of only 2%. The populations of the 
unquenched (A4) and moderately quenched (A3) component decrease substantially.  
These observations are consistent with quenching of the Trp fluorescence as a result 
of interaction of the residues with the stainless steel surface. The overall effect of the 
quenching is a reduction of average lifetime from 2.6 ns to 1.5 ns. When the amount 
of BFG on the surface is decreased to 0.2 nmole mm-2 the lifetimes decrease further 
and there is substantial shift in population to the shortest lifetime component, as a 
much greater proportion of the Trp residues are subject to efficient quenching by the 
stainless steel surface. The average lifetime is reduced to 1.0 ns. Again, it is 
interesting to note that the decay parameters of BFG adsorbed onto stainless steel 
resemble those of a BSA crystal after irradiation and of lysozyme and γ-globulin 
crystal before irradiation. This indicates that, upon adsorption, the Trp residues of 
BFG exist in more quenched molecular environments and, therefore, will be more 
resistant to photo-chemical reactions. 
 
Table 4.5. Fluorescence decay parameters for solid BFG and BFG deposited on steel in varying 
amounts. <>is the number-average lifetime.   
 A-factors Lifetimes/ns 
<τ>/ns  A₁ A₂ A₃ A₄ τ₁ τ₂ τ₃ τ₄ 
Fibrinogen Crystal  0.35 0.43 0.22  0.94 2.6 5.4 2.6 
BFG on steel  0.4 nmole 
mm-2 
0.02 0.55 0.33 0.10 0.24 0.65 2.0 4.8 1.5 
BFG on steel  0.2 nmole 
mm-2 
0.44 0.26 0.22 0.08 0.10 0.67 1.9 4.5 1.0 
BFG on steel  0.1 nmole 
mm-2 






On decreasing the amount of BFG by half once again, the population distribution, 
the component lifetimes and the average lifetime, and hence quantum yield, remain 
reasonably consistent. This consistency of quantum yield is encouraging with respect 
to the establishing a quantitative relationship between intrinsic fluorescence 
intensity and protein load, but requires further verification by lifetime measurements 
at lower surface protein densities. 
 
At the surface densities used in these measurements, the BFG deposits are estimated 
to be of the order of 103 to 104 monolayers thick (assuming that there is uniform 
surface coverage, and the area occupied by a BFG molecule is of the order of 10-16 
m2).  Therefore only a very small fraction of the protein deposit will be in direct contact 
with the metal surface. The efficiency with which the Trp fluorescence is quenched 
can be explained by energy transfer between Trp residues within the protein deposit 
and thence to the metal surface, resulting in quenching of the fluorescence of 




The results presented here show that the position of Trp residues within the protein 
structure has a considerable effect on how they interact with UV light. In the case of 
BSA, Trp residues are close to the surface and therefore have high quantum yields 
and long lifetimes. In this situation UV irradiation induces rapid photo-oxidation of 
Trp residues to NFK and kynurenine which, as a consequence, makes BSA 
unsuitable for use as a fluorescence standard in the intrinsic detection of 
proteinaceous contamination on surgical instruments. The analysis of the serum 
proteins BFG and γ-globulins and ‘the physicists’ protein’ lysozyme show markedly 
different results. The majority of Trp residues in these proteins are quenched, with 
short lifetime so they are less likely to react following UV irradiation, however, this 
does not remove the possibility of bleaching of these residues. Despite the majority 
of residues having shortened lifetimes, significant bleaching of Trp fluorescence was 
observed suggesting that the environment of these residues is conducive to bleaching 
rather than oxidation. This is corroborated by the observation that photo-ionisation 
of Trp at wavelengths below 300 nm can lead to the production of a Trp radical which 
can then go on to react, bleaching Trp emission. It is proposed that in the case of 
solid BFG, lysozyme and γ-globulins, photo-ionisation is the dominant process 
governing the bleaching of Trp emission. To determine if such a process was present 






were analysed. Analysis of α- and γ-crystallins yielded similar results to those 
observed for the serum proteins and lysozyme, suggesting once again that photo-
ionisation is the dominant process in the destruction of Trp residues in crystalline 
proteins. 
 
Analysis of these proteins has highlighted BFG, lysozyme and γ-globulins in 
particular as strong candidates as standards in the intrinsic detection of protein and 
the analysis of BFG on a stainless steel surface has strengthened hypothesis that 
intrinsic detection of protein adsorbed on to stainless steel is possible. Although 
fluorescence is significantly quenched following adsorption onto the stainless steel 
surface, protein amounts as low as 200 fmole mm-2 of BFG could be detected using 
prototype equipment. Additionally, quenching of Trp residues upon adsorption may 
be beneficial as increased quenching implies increased photo-chemical stability. 
Moreover, analysis of the fluorescence lifetimes of BFG on stainless steel suggests 
that variation in the amount of protein on the surface should not significantly affect 
the lifetimes recorded. This could mean that both steady state and time resolved 
measurements could be used in combination to detect and quantify residual protein 
remaining on cleaned surgical instruments. 
 
 
4.5 Future Work 
 
In light of the research conducted so far, it has been realised that much more can be 
done to strengthen the outcomes already established. Further analysis of BFG, γ-
globulins and lysozyme in the form of time based irradiation at 290 nm would 
determine at which point irradiation become deleterious and gives insight into the 
irradiation times that each protein could withstand. On a similar note, a power series 
could reveal at which point incident light is weak enough to avoid significant 
bleaching but still give an appropriate detection limit. Comprehensive analysis of 
protein on steel is required to determine the detection limit of intrinsic fluorescence 
for BFG, γ-globulins and lysozyme. This will allow for definitive identification of the 
most suitable candidate as a standard for subsequent studies. Combined with 
further time-resolved analysis on steel down to lower concentrations, to determine 
the reliability of lifetime measurements following adsorption onto steel, a highly 
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Chapter 5. Investigation of the Fluorescence 
Characteristics of Porcine Ocular Media and the 




Cataract is the leading cause of blindness worldwide. Currently, 90% of cases occur 
in developing countries; however, with the ageing Western population, the prevalence 
of cataract is set to increase1-3. Current methods of treatment are invasive, involving 
surgery to replace the affected lens with an intraocular implant4, and recovery time 
is in the region of weeks. Moreover, clinical diagnosis is performed visually using a 
slit lamp and the Lens Opacities Classification System or the Age-Related Eye Disease 
Study as references to determine the type and severity of the cataract5. This not only 
leads to a subjective diagnosis but the cataract must be visible and impairing vision 
before it can be diagnosed; therefore, it would be advantageous to develop a more 
reliable and quantitative method of diagnosis and a less invasive method of 
treatment. The fluorescence of the crystalline lens was first noted by Regnauld in 
1858 and a study by Hosoya in 1929 noted that the fluorescence observed in the 
lenses of elderly patients was red-shifted compared to lenses from younger patients6. 
Many studies have noted changes in the fluorescence of lenses with age, which 
correspond with the fluorescence observed in lenses with cataract. The observed red-
shift in fluorescence can be attributed to the build-up of yellow/brown chromophores 
and their derivatives within the proteins and solution of the lens7. These changes can 
be observed long before any impairment of vision and studies suggest that 
fluorescence detection could be a powerful tool in the early diagnosis of cataract8,9. 
Additionally, identification and characterisation of the chromophores involved could 
lead to a non-invasive, light-based method for cataract treatment. This chapter 
reports the results of experiments carried out at Edinburgh Biosciences in Livingston 
(the industrial partner in the PhD CASE studentship) to investigate the fluorescence 
characteristics of healthy lenses and to explore the feasibility of creating and 
analysing cataract in vitro.  
 
5.1.1  Structure of the Eye and Types of Cataract 
 
Apart from focusing and detecting light, the components of the eye, namely the 






The cornea plays multiple roles: providing structural stability, protection of the inner 
components and the majority of the eye’s refractive power10,11. It is mainly composed 
of a precisely arranged 3-dimensional matrix of collagen, which determines its shape 
and transparency to visible light. The principal functions of the lens are to fine tune 
the focus of light from the cornea onto the retina and to block the transmission of 
UVA light (315-400 nm) to the retina. The lens is largely formed of transparent cells 
called lens fibres which have a highly structured cytoskeleton and, when mature, 
contain no organelles12,13. These features are important factors in maintaining lens 
transparency. Lens fibres are tightly and precisely packed with crystallin proteins 
which increase the refractive index of the lens without compromising transparency. 
The lens protects the retina from UV light due to the presence of protective 
chromophores (PChs) which, upon excitation, deactivate via innocuous pathways, 
such as vibrational relaxations and intramolecular proton transfer14, thus reducing 
the likelihood of photochemical damage.  
 
Figure 5.1a. Left: Diagram of the eye showing the light path through the optical components to 
the retina, Right: Transmission spectra of the ocular media15  
 
Figure 5.1a (left) shows the structure of the eye and the transmission spectra of the 
ocular media (right), confirming that the cornea filters out the majority of UVB light 
(280-315 nm). As expected from the transmission characteristics, the lens absorbs 
the majority of light below 380 nm. The main chromophores within the lens which 
are responsible for absorbing harmful wavelengths are known as kynurenine-related 
tryptophan derivatives (KRTDs) and the most abundant are kynurenine (KN), 3-
hydroxykynurenine (3-OHKN), 3-hydroxykynurenine O-β-D-glucoside (3OHKG), 4-
(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid glycoside (AHBG), and glutathionyl-
3-hydroxykynurenine glycoside (GSH-3OHKG)7,14, 16,17. These molecules are created 






aqueous humour. PChs, such as KRTDs, are present in the lens to protect the retina 
by absorbing light in the UV and in the region of 300 nm – 400 nm; with an 
absorption maximum at 365 nm14,16. However, they are intrinsically unstable18,3 due 
to the vulnerability of the so-called ‘kynurenine side chain’ to deamination. This 
deamination reaction allows covalent attachment of KRTDs such as kynurenine, 3-
OHK and 3-OHKG to crystallin proteins19, which not only disrupts the structure of 
the protein, leading to aggregation but covalent attachment of 3-OHKG has been 
shown to account for at least 50% of age-related lens yellowing20. Some filters such 
as n-formylkynurenine (NFK) and kynurenine are photosensitisers and the gradual 
accumulation of these filters and their derivatives within the lens can lead to 
sensitisation of tryptophan within lens proteins to photo-oxidation18. This, in turn, 
leads to the accumulation of photo-oxidation products such as NFK, kynurenine and 
3-OHK within the protein structure which can go on to react, further disrupting 
crystallin structure. Furthermore, NFK, kynurenine and 3-OHK are yellow 
compounds21 and their accumulation within the lens and lens proteins contributes 
to the overall yellowing of the lens with age.  
 
The effects of the aforementioned processes are concentrated by the extremely low 
metabolism within the lens and the fact that crystallin proteins cannot be replaced 
and must therefore last a lifetime22. This accumulation of damage to crystallins and 
disruption of the lens environment leads predominantly to photo-yellowing and 
protein aggregation and is clearly illustrated in Figure 5.1b (left). Lenses ranging in 
age from 6 month to 91 years show how lens damage amasses to yellowing and 
opacity of the lens eventually resulting in complete inhibition of light transmission 
through the lens i.e. cataract. This is corroborated in Figure 5.1b (right) which shows 
how the transmission characteristics of the lens change with age; at birth light above 
300 nm is transmitted with light above 400 nm transmitted with 100% efficiency; 
however, by 25 years only light above 400 nm is transmitted and at only 80% 
efficiency, indicating the accumulation of KRTDs, by 82 years transmission above 







 Figure 5.1b. Left - progression of photo-yellowing of the lens with age, J shows a brown 
nuclear cataract, K a cortical cataract and L a mixed nuclear and cortical cataract and Right 
- transmission spectral characteristics of the lens with age17. 
            
There are two main types of cataract: nuclear and cortical23,24. Cortical cataracts are 
characterised by opacity of the collagen fibres of the lens, presenting as a radial 
opacity of the outer layers of the lens (Figure 5.1b left, image K) and are associated 
with a high lifetime exposure to UV radiation13. Nuclear cataracts (Figure 5.1b left, 
image J) are characterised by hardening, yellowing and opacity of the centre of the 
lens and, as well as the processes mentioned above, are linked with a decrease in 
glutathione concentration in the lens nucleus with age. Glutathione intercepts 
reactive precursors to UV filters such as NFK, and as its concentration falls, nuclear 
proteins become more susceptible to oxidation3. Characterisation of the species 
giving rise to age-related pigmentation and fluorescence of the lens at different stages 
of progression and in different types of cataract, is the first step in establishing 
whether or not fluorescence can be used to quantitatively measure the progression 
of cataract and whether or not diagnosis of different cataracts is possible. 
 
5.1.2  Current Methods of Cataract Diagnosis and Treatment 
 
As mentioned previously, current methods for cataract diagnosis and treatment are 
not ideal. Diagnosis is subjective, due to the use of a visual grading system coupled 
with slit-lamp images of the lens in question. A more accurate method of diagnosis 






system with a lens densitometry function5. Repeatability is high for the Pentacam 
and good correlation has been shown with the LOCS grading system25. Although the 
instrument has been used clinically, its use is rare compared to slit-lamp diagnosis. 
Although cataract surgery carries a low risk, the procedure is invasive and 
complications can lead to partial or total blindness. Treatment of cataract in the form 
of cataract surgery involves incision of the cornea and either manual removal of the 
intact lens or sonication followed by aspiration of the lens contents, followed by 
implantation of an artificial lens2. Consequently, there is significant trauma and 
discomfort, with healing times in the region of weeks. This has led to recent research 
into the action of molecular chaperones on crystallin aggregates, which has shown 
that administering the molecular chaperone lanosterol, as well as related 
compounds, in the form of eye drops can significantly improve lens clarity in 
cataractous lenses. This was shown via comparison of photographs of lenses before 
and after administration of lanosterol both in vitro and in vivo. Treated lenses showed 
a significant improvement in clarity and decrease in scattering. The dispersal of 
protein aggregates was further supported by monitoring the decrease in fluorescence 
from α-crystallin protein aggregates following administration26. In another study27, a 
class of related sterols, including lanosterol, were screened for binding activity with 
α-crystallin. It was found that, although lanosterol showed some cataract dispersal, 
administration of a molecule known as ‘Compound 29’ improved the solubility of α-
crystallins by 63%. Additionally, its presence before the initiation of aggregates in 
solution suppressed aggregate formation. Although these results are promising, 
research is in the early stages and far from clinical trials. More recently, a new 
surgical method has been trialled in human infants and utilises the patient’s own 
lens epithelial stem cells (LECs). The surgery improves on current methods by 
significantly reducing the size of the incision made in the lens capsule to gain access 
to the contents. Additionally, the incision was moved to the periphery and lens 
contents removed to leave a layer of LECs inside a predominantly intact capsule. This 
allowed functional regeneration of the lens and visual axis transparency in more than 
95% of cataractous eyes in infants28. Whether or not this treatment is viable in adult 










5.1.3 Previous Studies of Lens and Cataract Fluorescence and 
Photobleaching 
 
Countless studies have set out to understand the processes behind the formation of 
cataract; however, as is evident from the literature, there is a tangled web of genetics, 
environment, disease and oxidative stress mediating the process. A recent study9, 
conducted by our industrial collaborator, investigated cataract-related changes in 
the emission spectrum of the endogenous fluorophore tryptophan (trp), with the aim 
of developing a method for early diagnosis of the condition. As shown in Figure 5.1c 
(left), excitation of lenses at the red-edge of the trp absorption band, resulted in 
emission that was dominated by trp fluorescence, at 350 nm, from the lens proteins. 
With increasing age, and pigmentation, of the lens, the emission was found to become 
distorted; the trp emission at 350 nm decreased and long-wavelength emission at 
450 nm increased. 
 
Figure 5.1c. Left - Fluorescence emission from human lenses; green: 66 years, blue: 79 years, 
red: 60 years, purple: 80 years, λex = 317 nm and Right - Monitoring of the irradiation of a 
porcine lens at 310 nm for 720 minutes9. Emission spectra measured at an excitation 
wavelength of 317 nm 
 
To determine if the same change in fluorescence signature of the lens could be 
created by UV irradiation in the laboratory, porcine lenses were irradiated at 310 nm, 
which is on the red-edge of tryptophan absorption. The fluorescence, excited at 317 
nm, to allow excitation of both Trp and the photo-products, was then monitored, over 
the course of 720 minutes. The spectral changes were in keeping with those observed 
in ageing lenses (Figure 5.1c left); the Trp emission decreasing in intensity, while 
long-wavelength emission (435 nm) increased. The long-wavelength emission was 






suggested as a diagnostic ratio of Trp and non-Trp emission intensity, and was shown 
to be sensitive to UV-induced photo-damage. Although this study shows that the 
photo-oxidation of Trp can be induced in vitro, it is only one of an extensive list of 
processes implicated in the progression of cataract. Moreover, given the complexity 
of the lens, any number of photochemical reactions could be induced under such 
conditions. 
 
In the context of developing non-invasive methods of treating cataracts, Kessel et 
al29,30  carried out experiments to determine if photo-bleaching could be used to 
improve transmission in human lenses showing yellow/brown pigmentation. In one 
study29, it was observed that irradiation of yellowed donor lenses, at bleaching 
wavelengths of 375, 405, 445, 457 and 473 nm, resulted in an increase in measured 
transmission in the region 450 nm – 490 nm, where age-related transmission loss is 
most pronounced. This effect was most prominent when irradiating with a bleaching 
wavelength of 420 nm and least prominent at 375 nm, although no visible change in 
transparency or yellowing was observed. Although transmission was shown to 
improve following irradiation, a suitable reference for all studies was not reported, 
nor was variation in transmission between ‘healthy’ clear/colourless lenses. In 
another study by the same group, irradiation at 445 nm resulted in improved 
transmission of visible light in the region 420 – 600 nm; however, scattering 
measurements showed no significant change30. This suggests that, although 
chromophores absorbing at 445 nm were bleached, scattering bodies such as protein 
aggregates remained intact. Analysis of lens homogenates before and after bleaching 
showed a decrease in fluorescence at 385 nm (λex = 335 nm) after bleaching, 
attributed to argpyrimidine and pentosidine-like advanced glycation end products 
(AGEs), and at 440 nm (λex = 370 nm), attributed to other, unidentified AGEs. 
However, analysis of samples via HPLC and ELISA, before and after bleaching, 
showed no decrease in the concentration of the AGEs argpyrimidine, pentosidine, 
carboxymethyllysine and hydroimidazolone. It seems likely that 440-nm emitting 
species observed by Kessel et al are KRTDs. However, as KRTDs, as well as AGEs, do 
not absorb above 400 nm, irradiation at 445 nm and 420 nm would not result in 
photo-bleaching. It may be that effects of thermal decomposition are being observed 
and/or that a group of unknown lens chromophores are absorbing at these 
wavelengths. As is evident, further research is necessary to determine the 








5.2 Materials and Methods 
 
5.2.1  Biological samples 
 
Intact porcine eyes were acquired weekly (six at a time) from Hall’s abattoir in 
Broxburn, within 3 hours of slaughter. Porcine lenses were used to ensure studies 
were in keeping with those carried out previously by our industrial partners at 
Edinburgh Bioscience Ltd. and because porcine eyes were readily available nearby, 
ensuring a fresh sample. The age of the pigs from which the eyes were removed 
ranged from 6-8 months. Upon delivery, the eyes were either stripped of any 
surrounding muscle tissue and stored whole or dissected to remove components of 
interest. Samples were stored in pH7 PBS buffer solution containing 100mg/ml 
Penstrep to prevent bacterial growth. PBS tablets and Penstrep solution were 
acquired from Fisher Scientific.  
 
5.2.2  Transmission measurements 
 
Transmission measurements were carried out using the excitation arm of a 
fluorescence spectrometer (Edinburgh Instruments model FS920) as the light source 
and an optical-fibre-coupled spectrometer (Ocean Optics model STS-UV), with 
associated software, for detection. Transmittance, through the centre of the lens 
under investigation, was measured, relative to a blank consisting of and a cuvette of 
storage solution, over the range 290 nm to 660 nm, in 10 nm increments.  
 
5.2.3  Steady state fluorescence analysis 
 
Experiments at Edinburgh Biosciences 
Steady-state fluorescence spectra were recorded using a modified Edinburgh 
Instruments FS920 spectrofluorometer in conjunction with F920 software. (The 
sample chamber had been removed to allow the presentation of non-standard 
samples.) The excitation source was a Xe900 continuous ozone-free Xenon lamp 
coupled with a TMS300-X monochromator. Fluorescence from the sample was 
collected at a right angles to the excitation light31. The excitation and detection areas 
were define by matching the focal point of the source with the focal point of the 






positioned centrally on the sample. Spectra were acquired with excitation and 
emission bandwidths of 2 nm. 
 
Note: Due to damage to the monochromator, a dip was observed at 460 nm as an 
artefact in emission spectra. 
 
Experiments at the University of Edinburgh 
Steady-state fluorescence spectra were acquired using a Fluoromax-P 
spectrofluorometer in conjunction with FluorEssenceTM software v.3.5. The excitation 
source was a 150W continuous ozone-free Xenon lamp, directed to the sample 
chamber via a monochromator. Fluorescence from the sample was collected at right 
angles to the excitation light. Front surface measurements were made using optical 
fibre bundles coupled to the excitation and emission arms of the spectrofluorometer 
and positioned as shown in Chapter 3, section 3.2.6. Spectra were acquired with 2 
nm excitation and emission bandpass, or 5 nm bandpass when using the optical 
fibres. 
 
The tissue sample was submerged in PBS/Penstrep solution in disposable PMMA 
macro or semi-micro cuvettes. 
 
5.2.4  Irradiation and bleaching of samples 
 
Samples were irradiated to produce Trp photoproducts at 310nm, in keeping with 
experiments carried out previously. Bleaching of chromophores was carried out at 
the following wavelengths: 360 nm, 405 nm, 420 nm and 470 nm, in accordance with 
bleaching measurements carried out by collaborators. Irradiation and bleaching was 
carried out using the excitation arm of the FS920 as the light source. The slit width 
was set to 5 nm giving an irradiation/bleaching area of 4x3 mm. All samples 
presented here were irradiated for 5 hours and bleached for 2 hours, with the sample 
in a fixed position throughout. 
 
Please see Appendix 5.1 for details on how variation in lens size was taken into 









5.3 Results and Discussion 
 
5.3.1  Transmission of Ocular Media 
 
Initial measurements were concerned with the absorption and transmission 
characteristics of the ocular media, namely the vitreous humour, lens, cornea and 
an intact eye, to determine how each component responds post mortem. Figure 5.3a 
shows that the vitreous humour and lens have transmission characteristics which 
are comparable to those reported in the literature, both in spectral shape and 
intensity, suggesting that the lens and vitreous humour are resistant to post mortem 
changes. This, however, was not the case for the cornea which can begin to become 
cloudy within hours following death32. These changes resulted in significantly 
reduced corneal transmission with an altered spectral shape compared with the 
literature. Consequently, the transmission of the intact eye was similarly affected. 
Although the progression of corneal cloudiness post mortem is rapid, thus preventing 
analysis of whole eyes, in vivo experiments would not face this obstacle. Therefore, 
fluorescence experiments were carried out on extracted lenses. Figure 5.3b shows 
the penetration of light into the lens as a function of wavelength. A single lens was 







placed into a cuvette and submerged in PenStrep solution and placed into the cuvette 
holder in the set-up described in section 5.2.3. A digital camera was mounted 
perpendicular to the excitation light and a photograph taken at each wavelength 
described in Figure 5.3b.  Evidently, light below 320 nm is strongly absorbed by the 
first few millimetres of the lens. This correlates with the absorption characteristics of 
the species present in the lens (e.g tryptophan and KRTDs) which have strong 
absorption bands in the UV. As wavelength increases, light penetrates further into 
the lens, paralleling the transmission curve for the lens shown in Figure 5.3a. 
 
5.3.2 Fluorescence Characteristics of Extracted Porcine Lenses and 
Other Ocular Components 
 
Initially, the fluorescence characteristics of a healthy eye were determined by 
producing an excitation-emission matrix (EEM) of each of the cornea, lens and 
vitreous humour, to determine the peak excitation and emission wavelengths in each 
case. For clarity, emission spectra are shown for each case for excitation at only two 
wavelengths, 290 nm and 360 nm (Figure 5.3c). 290 nm excitation selectively excites 
tryptophan, whereas 360 nm was used to selectively excite PChs. (For more detail on 
the fluorescence characteristics of the cornea and vitreous humour see Appendix 
5.2). 
 
          290 nm            310 nm           315 nm        360 nm  
         405 nm           420 nm         500 nm        600nm 
1 cm 






When excited at 290 nm each component showed intense emission in the region 300 
– 450 nm corresponding to the range of emission wavelengths observed from 
tryptophan in proteins. Due to the high protein content of each component it was 
expected to see strong tryptophan emission; however, a shoulder is also seen, 
beginning at roughly 350 nm, for the lens and vitreous humour. As is indicated in 
the literature, this shoulder can be attributed to the presence of fluorescent PChs in 
these structures. Upon excitation at 360 nm, emission was seen at 435 nm and 420 
nm, for the lens and the vitreous humour, respectively. Observation of this long 
wavelength emission is consistent with the presence of PChs in the lens and, as the 
lens capsule is permeable to these chromophores, the vitrous humour. As the lens 
capsule is selectively permeable33 depending on the molecule in question, it is 
suggested that the difference in emission maxima between the lens and vitrous 
humour is due to a different composition of chromophores between the two. The 
noisy spectrum produced as a result of exciting the cornea at 360 nm can be 
explained by the intense scattering produced at this excitation wavelength, as the 
cornea is essentially opaque to wavelengths above 320 nm.  
 















































Figure 5.3c. Emission spectra of the cornea (black), lens (red) and vitreous humour (blue) 






The EEM in Figure 5.3d shows the emission intensity distribution for a healthy lens, 
with emission intensity from the fluorescent PChs of the lens higher than that for 
tryptophan. Although tryptophan emission intensity was consistently lower than that 
of the PChs, there was a large variation in the emission intensities observed for each 
lens and, for spectra excited at 290 nm, a large variation in spectral shape. Figure 
5.3e shows the variation observed in both emission intensity and spectral shape 
between four different lenses. The difference in spectral shape was clearly seen when 
the samples were excited at 290 nm, as many molecules, including many PChs, 
absorb strongly at this wavelength. Upon excitation at 360 nm spectral shape 
remained constant (Figure 5.3e D); however, emission intensity varied from lens to 
lens. This suggests that, from lens to lens, the proportion of both Trp and PChs varies 
drastically. 
 
Figure 5.3d. EEM of a healthy porcine lens. 

































The level of variation observed in young, healthy lenses is discouraging in the context 
of the previously reported studies by Gakamsky et al and Kessel et al, as well as the 
study presented here, as a reliable reference is required to determine the progression 
of cataract9 and treatment24.25. Moreover, the proposed treatment of cataract via 
irradiation and bleaching of chromophores could result in the destruction of the 
protective, endogenous filters, therefore, removing the remaining protection present 
in a cataractous lens. In addition to variations in emission intensity and spectral 
shape at specific excitation wavelengths, emission was seen to be highly dependent 
on excitation wavelength (Figure 5.3f); as excitation wavelength was increased from 
290 nm to 410 nm the emission wavelength shifted from 330 nm to 480 nm, 
indicating the presence of a multitude of fluorescent chromophores. The lens is a 
highly complex biological system, therefore, convoluted fluorescence characteristics 
are unsurprising. 
 




































































Figure 5.3e. Variation of emission intensity and spectral shape, respectively, among four 
lenses excited at 290 nm (A and B) and 360 nm (C and D). (Red: Lens 1, Blue: Lens 2, Pink: 







Despite these potential complicating factors, experiments continued to determine if 
cataract could be induced via artificial irradiation of lenses with UV light and if 
artificial cataract could be photo-bleached.  
 
5.3.3  Induction and Bleaching of Cataract 
 
To keep experiments in line with those of research partners, irradiation of the lenses 
was carried out at 310 nm, to attempt selective irradiation of trp. As shown in Figures 
5.3g to 5.3i, irradiation resulted in a decrease in tryptophan emission intensity at 
340 nm and an increase in emission intensity at 430 nm. This suggests that 
tryptophan was photo-oxidised into KTRDs, most likely NFK and/or kynurenine, as 
was obseved upon irradiation of protein crystals (See Chapter 4). In no sample, was 
there any evidence of  emission peaks at longer wavelengths, when exciting at 
wavelengths above 360 nm. Additionally, no yellowing or cloudiness, which is 
indicative of cataract formation, was observed. Despite the observation that the 
species that were formed emitted mainly around 430 nm, and must, therefore, absorb 
predominantly below 430 nm, it was stipulated in the project plan that bleaching 
wavelengths should be in keeping with previous work carried out by Kessel et al29, 
which aimed to bleach those chromophores which are related to the age-related 
decrease in tranmission in the visible region (450-490 nm). Hence, bleaching 
wavelengths of 405, 420 and 470 nm were used.  























Figure 5.3f Excitation wavelength-dependent emission spectra of the lens.Spectra are 







As is presented in Figure 5.3g initial irradiation of the lens at 310 nm to induce 
‘cataract’ resulted in a 280% increase in emission intensity at 430 nm (when excited 
at 360 nm), corresponding to PCh emission, and a 50% decrease in emission intensity 
at 340 nm (when excited at 290 nm), corresponding to Trp emission. Bleaching of the 
310-nm irradiated sample at 420 nm resulted in a 20 % decrease in emission 
intensity at 430 nm which, compared to the large increase induced by irradiation, is 
minimal. As 420 nm is on the very red-edge of kynurenine absorption and in no way 
relates to NFK absorption (See Chapter 4), and as kynurenine and NFK are the most 
likely photo-products produced during irradiation, the lack of effective photo-
bleaching at this wavelength is unsurprising. Thermal decomposition, as a result of 
absorption by other chromophores at this wavelength, may also contribute to the 
decrease in emission intensity at 430 nm.  
 
For a second lens (Figure 5.3h), irradiation at 310 nm produced a 195 % increase in 
emission intensity at 430 nm (λex = 360 nm) and a 57% decrease in emission intensity 
at 340 nm (λex = 290 nm). Following bleaching at 405 nm, a 30% decrease in emission 
intensity at 430 nm was observed. This suggests that bleaching at 405 nm is also 
inefficient. However, 405 nm is on the red edge of kynurenine absorption (Chapter 4) 
which may explain the slight increase in bleaching efficiency compared with 





























Figure 5.3g. EEM of the emission characteristics of a single lens a) before irradiation b) after 
irradiation at 310 nm and c) after photobleaching at 420 nm, following 310-nm irradiation. 
 


























































































































Figure 5.3h. EEM of a single lens a) before irradiation, b) after irradiation at 310 nm, and c) after 







Bleaching at 470 nm (data not shown) gave a negligible change in emission intensity. 
This can be attributed to the fact that KRTDs do not absorb light of this wavelength 
and that thermal contributions to fluorophore decomposition are small. These results 
show that cataracts equivalent to the natural, yellowed lenses analysed by Kessel et 
al29 cannot be created artificially by UV irradiation, under the conditions of the 
present experiments. The 430 nm emitting photo-products of 310 nm irradiation 
observed here are most likely NFK and kynurenine. The bleaching of chromophores 
at wavelengths above 400nm, described by Kessel et al, can be attributed to the 
destruction of non-fluorescent chromophores which absorb at longer wavelengths 
than NFK and kynurenine. It is possible that such chromophores are present in the 
UV-irradiated lenses in the present experiments, but at concentrations too low to be 
observed visually As KRTDs absorb strongly in the region 320-380 nm it was decided 
to investigate photo-bleaching of UV-irradiated lenses at a wavelength in this range 
(Figure 5.3i). The batch of lenses used in this study presented differently, with a 
larger size and slight clouding of the lens capsule which may have hindered the 
penetration of UV light into the lens. These lenses showed a relatively small increase 
in 430-nm emission intensity following irradiation at 310 nm, compared those used 
previously. After 310-nm irradiation, the lens under study showed a 23 % increase 
in emission intensity at 430 nm and a 37% decrease in emission intensity at 340 nm.  
Following bleaching at 360 nm, the excitation maximum for KRTDs, a 44% decrease 
in emission intensity at 430 nm was observed. The much enhanced photo-bleaching 
at this wavelength is consistent with the absorption characteristics of KRTDs. It is 
notable that the decrease in 430-nm emission on photo-bleaching significantly 
exceeds the initial increase on 310-nm irradiation, indicating that bleaching at 360 
nm is effective at destroying endogenous KRTDs as well as those produced artificially, 









Figure 5.3i. EEM of a single lens a) before irradiation b) after irradiation at 310 nm and c) after 
photobleaching at 360 nm, following 310-nm irradiation. 
  
 







































































The results of this study corroborate previous results that induction of long-
wavelength fluorescence akin to that observed in cataractous lenses can be achieved 
via irradiation at 310 nm and show that, upon bleaching, the destruction of 
artificially created KRTDs can be observed. This is a promising result in terms of 
using light based methods in the early detection and monitoring of cataract, however, 
results suggest that light based methods of treatment may be out of reach. Upon 
photo-bleaching at 360 nm, the absorption maximum of KRTDs, a marked decrease 
in the long-wavelength fluorescence induced by 310 nm irradiation was observed. 
This decrease exceeded the increase observed following irradiation suggesting that 
endogenous KRTDs i.e. PChs were destroyed in the bleaching process. This is 
discouraging as, although bleaching may remove problematic KRTDs, it appears that 
remaining PChs may also be at risk of destruction using this method. Additionally, 
with such a complex system, the next steps, even just in terms of diagnosis and 
monitoring, will not be without complications. EEMs of healthy porcine lenses 
showed a complex distribution of emission from the multitude of fluorophores 
present. Moreover, there was significant variation in florescence intensity and 
spectral shape from lens to lens making it extremely difficult to find a suitable 
reference standard for measurements. In spite of these difficulties, the 
characterisation of lens fluorescence carried out in this study is a firm basis on which 
to build, and further research, as outlined below, could lead to successful use of 
fluorescence in the early detection of cataract. 
 
 
5.5 Future Work 
 
Much has been learned from this preliminary study; however, there is much more to 
be investigated. Firstly, as the lens used for the bleaching experiment at 360 nm 
differed in appearance and EEM to those analysed previously it would be pertinent 
to repeat this measurement to confirm the efficiency of bleaching at 360 nm. 
Following from this, the effect of temperature on lens fluorescence would be of 
interest to ensure storage in the fridge and prolonged analysis at room temperature 
does not affect results. Should the effect of temperature be shown to be significant, 







The extent of variation between fresh, healthy lenses should be further investigated 
by increasing the sample size and marrying fluorescence experiments with 
chromatographic analysis of lens contents and transmission measurements. 
Experiments should be carried out on intact eyes to determine if the presence of the 
rest of the eye will affect the results acquired from the lens. Subsequent analysis 
should focus on the characterisation of lenses (human as well as porcine) of varying 
ages, and cataractous lenses of varying severity to create a complete picture of the 
fluorescence characteristics of lenses at a wide range of ages and health. This may 
lead to the development of a non-invasive method for the diagnosis of cataract.  
 
Regarding further investigations of artificial generation of cataract and effectiveness 
of photo-bleaching, it would be pertinent to attempt the creation of cataract and lens 
yellowing using white light rather than UV. It is possible that white light irradiation 
may cause other photo-chemical reactions which lead to the formation of cataract. 
To ensure the success and clinical relevance of subsequent measurements bleaching 
doses should be in accordance with the maximum permissible exposure value (the 
highest power density of a light source that is considered safe enough to cause no 
damage to the eye or skin). If successful, could lead to the development of appropriate 
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Appendix 5.1: Corroboration of Experimental Set-Up 
 
Due to the variation in lens size, samples were either held in macro or semi-micro 
cuvettes. Consequently, the position of each lens may have differed and positional 
dependence of the lens could cause variation of results due to the distribution of 
chromophores within the lens. 
Figure A5.1a. Positional dependence of lens contained in semi-micro cuvette (channel depth 
3.5 mm) and excited at 315 nm – Cuvette moved in 1mm increments from focal point in the 
positive (away from source) and negative (towards source) directions 
 
Figure A5.1a shows that the position of the lens has the most significant effect on 
the emission intensity. Peak position remained consistent until the focal point 
reached the surface of the cuvette (All +4) and when the focal point sat at the back 
of the lens (All -2) at which point a slight shift was observed. 
 
From these results, slight positional differences between holding the lenses in macro 
or semi-micro cuvettes does not appear to affect the outcome of experiments. 
  

































Appendix 5.2: Fluorescence characteristics of the 
cornea and vitreous humour 
 
































Figure A5.2b. EEM spectrum of cornea 


































Comparison of the action spectra shows that emission from the cornea (Figure A5.2b) 
is dominated by tryptophan emission at 340 nm from the epithelium whereas the 
vitreous humour (Figure A5.2a) displays the strongest emission at 400 nm with a 
small contribution from tryptophan emission at 350 nm. Considering the role of each 
component these results are unsurprising. The cornea is the first defence in UV 
protection but is transparent to the visible range, therefore the only dominant 
absorbing species would be those that absorb in the UV i.e. tryptophan/proteins; the 
vitreous humour is also transparent to the visible range, however, the vitreous 
humour is the last defence against UV damage to the retina, therefore, PChs are 
present.  
 
Irradiation of the cornea – effect on fluorescence and transmission 
Figure A5.2c. EEM of cornea irradiated at 310 nm for 3 hours (the same sample was used to 
produce Figure A2b) 

































Figure A5.2d. Comparison of transmission through the cornea before and after irradiation 
 
Irradiation of the cornea resulted in an 80% reduction in tryptophan emission 
intensity (Figure A5.2c) due to photo-oxidation, however, this translated to a 
reduction in transmission of only 10% (Figure A5.2d). This suggests that, following 
irradiation of the cornea, resultant, non-fluorescent photo-products do not absorb 
significantly in the visible range. 


































Chapter 6: Overall Conclusions 
 
The work presented in this thesis demonstrates the value of utilising fluorescence in 
the interrogation of biological systems in the solid state. 
 
Analysis of single-use instruments pre-labelled with FITC using the prototype 
EFScan system has revealed that residual protein, on the order of micrograms can 
be found on instruments before their first use, raising questions as to the quality and 
conditions of their manufacture. Comparison of results from the three centre study 
show that consistent levels of contamination were detected using three different 
fluorescence based techniques, verifying fluorescence detection as an appropriate 
method in the detection and quantification of residual proteinaceous contamination 
on surgical instruments. It was also determined that the EFScan system exceeds the 
sensitivity of the ninhydrin swab test, which is commonly used in hospital SSDs, by 
more than a thousand-fold. Subsequently, disposable instruments obtained from 
three manufacturers; Qasco, DMI Ltd. and Instrapac were analysed using the 
EFScan system and the results compared. It was found that contamination ranging 
from 2.4 - 19.6 μg of protein could be found per side of an instrument before their 
first use. Moreover, hotspot values were found to be 10 times higher than the average 
amount of protein per pixel. As hotspots represent areas of high protein 
contamination and therefore thicker plaques, the likelihood of infectious material 
detaching from the instrument surface is increased. Following revision of the HTM 
01-01 to include a threshold value of 5μg of protein per side of an instrument, it was 
observed that only 13% of instruments (10 out of 75) from the three manufacturers 
would have passed inspection. Additionally, in light of the high hotspot values 
observed it would be pertinent to include an additional threshold to contribute to the 
improvement of quality control in SSDs. 
 
Investigation into the possibility of intrinsic detection of protein via detection of Trp 
fluorescence revealed that the commonly used protein standard BSA is not a suitable 
standard for the intrinsic detection and quantification of protein. Due to the 
susceptibility of the Trp residues of BSA to photo-oxidation, Trp emission is quickly 
bleached to produce long wavelength emission associated with the KRTDs NFK and 
kynurenine. Analysis of other possible candidates; BFG, γ-globulins and lysozyme 
revealed that although the Trp residues in these proteins are not susceptible to 
photo-oxidation they are susceptible to photo-bleaching. Wavelengths below 300 nm 






can go on to react, bleaching the observed Trp emission. Bleaching of Trp emission 
was also observed in α- and γ-crystallins of the lens which have evolved to resist 
photo-oxidation, further suggesting that photo-ionisation is the dominant 
photochemical process following the irradiation of crystalline proteins below 300 nm. 
BFG, lysozyme and γ-globulins especially were identified as possible candidates as 
standards for the intrinsic detection of protein on surgical instruments. Analysis of 
BFG on stainless steel revealed that protein amounts as low as 200 fmole mm-2 could 
be detected. Additionally, analysis of lifetime measurements of BFG on stainless steel 
has revealed that the amount of protein on the stainless steel surface, at the low 
concentrations found on reprocessed surgical instruments, should not affect the 
lifetimes obtained. These results show that a combined steady-state/time-resolved 
method for the detection of residual protein on medical instruments could be a 
possibility.  
 
The final project in this thesis, carried out in conjunction with industrial partners 
from Edinburgh Biosciences Ltd. in Livingston, found that the early detection of 
cataract may be possible via monitoring of Trp fluorescence from the lens. Efforts to 
create cataract in extracted porcine lenses via UV irradiation, induced fluorescence 
signals akin to those observed in cataractous lenses and the progression of induced 
fluorescence changes (Trp > NFK/kynurenine) could be easily monitored in extracted 
lenses. However, these fluorescence changes were not accompanied by the 
characteristic yellowing and cloudiness associated with natural cataract, therefore, 
creation of conventional cataract under the conditions described is not possible. 
Irradiation at 360 nm bleached the long wavelength fluorescence induced during 
attempted cataract formation suggesting that a light based method could be utilised 
to offer a non-invasive treatment for cataract. Conversely, bleaching of the long 
wavelength emission exceeded that of the emission that was first created via 
irradiation, suggesting that natural, long wavelength, chromophores were also 
destroyed. Despite the complexities of the system, which includes variation in 
spectral intensity and shape from lens to lens, the fluorescence characterisation 
carried out to this point is an encouraging step towards the early detection of 
cataract, however, the possibility of light based treatments is unlikely and will require 
significant further research. 
 
This work provides a strong foundation for extensive further research in the subject 
of fluorescence detection and quantification of protein in two very different systems. 






of protein on surgical instruments could lead to the development of novel 
instrumentation based on both steady-state and time-resolved fluorescence 
detection, providing a sensitive tool for the assessment of decontamination standards 
in SSDs. Additionally, detailed fluorescence characterisation of lenses of different 
ages and health could lead to a non-invasive, light based method for the early 
diagnosis, monitoring and, perhaps, the treatment of cataract.  
 
